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FOREWORD 



The Bureair of^-RadiDld'gical Health Imp lfe^Jenti^a."' national prqgra 
designed to^ reduce the exposure of man ^ to ^^ha^ardaus ionizing and 



m 



_ ^„ Withln^'X^e Bureau, ^che-J_i5^1aidn^^of Kedfc^^l H^dlatioq, Exposp^e 
deals with 1) the reduccion -'of^ unproductive ^idnl^^^A^ni radiation exposure 
of patients^ workers, and others exposed by thte^We o# Kr^'ays and other 
machine-produced ionizing . radiation ^ ■ radiQactive^Tii^tar ^ 
pharmaceuticals 5 and 2) the "improvement of radibloglcal "systems'* and 
methodology in the healing'-art^^A r ^ \ v\- 

The Bureau publishes its findings in Radiological Health Da^a anit 
Reports Xa monthly publlcatton) ivi\^ Health Jervvice numbered reportsV 
appropriate scientific journals j\^vand^ technical^^ 
Buiseau's divisions office's 5 and ,\Iabo'r d tori es "^'^ \ - V' 

^:he tecl^catl reports of the DlvigiQn^^f^AMddical Radiation 
' allow ccomprehensive and rapid publishing 'of. teh©"^ results of^ intramural and 
contractor projects * . /The' reports ^are vdlSttl and lotal^ : 

radiological health pTogram personnel's'^ Bureau s^e&hnical^^ st^tf ^ 'Bljreau^ 
advisory commit t^ise mentoerS s university .radiat^Dn^4aafeti.y. oFficerSs ' 
.libraries and irif oEmatM>n services ^ ^ industry , ^^^.to^ labor atories ^ 

schools, the press,- and! other lnterested-^indivi.duaXs. . T are 
also included in the co|leKions of the :Mb^ the " 

National Technical Infoftmati°on S ervice (former ly. the Glfiaringhouse^ for 
Federal Scientific and Technical Information). _ . 



iera ^ ^these reports to anform the 



-I encourage the 
any omissions or terocs. Your vaddltion^:':TOnments or requast 
further information are also solliiited 




J. 



John C\ Villfbrth. 

irector > 
Buteau-of Radiological Health 
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iThis manual was pr^epared f-or the^* graining, program in *Nuclaar Medicine 
TecHnolQgy atT: the Uflivsers^^ Cincinnati* The program wai / . 

developed oirider^ a -frfaltilng, grant from^ the Public Haaflch s4fvice , ■ 
^Bureau of Radiolqg4ckl- Health. The* purposes of the grant projact 
, are. to inveiClg^t^ through pilot programs , various, a^proachas' to . ^ 
'tra4ningr;^%icI&^r^H^^ Technologists and. to develop . training ^ - / 

imaterials Which- can be used^by others* The 'program In/ which thi» ■ . 
'manual' ^s .usad !leada-^tq th^ -bachelor of ^Sci^nca. degree in 'Madlcal^ 
-Tac^nology with a Nuclear Medicine* option. The curriculum is- as 
..■;f ollowsj ■ V =^ ... . - ■ ' ■ * =:;^:'^-,. 

' Fres hman Year . - , Sophomore Year- * - /A'-- ^ " - 

p t Hhglish literature ^; 

^ chemi*stry ^ . , Organic chemistry (2 -quarters). 

. . Mathematics elective , - . Bidchemistry'^ (1 quartary v 
\ ^ *=^For6ign language ^ ^Biology- * ' . * " * =j 



Juftior Year 



Soc'ial study 
i _ - 



) V : Psychology or Philosophy ^ 

' _ J \ Literature or Social study 

\^ ' : : : ^ Analytical ch^mjs try (2 quarters) 
: i Bacteriojog^y' (1 quarter) / " 
^ Anatomy h Phyii^qlogy * 
" ■ ' Physics -.. . 



Senior Year 



The (endor' year consists' of a 12 month internship in the Radioisotope 
Laboratory ^■f^che Cincinnati General rioffpitalt ' The' student* receives ^ 
combination- of ^ didactic trmining, laboratory exercises , and clinical r 
experlencev The iatfrnship is butllned in the following, tables 













' ■ '■' . -X - ■ ' ■ . 

- : ■ ' ' : y ■ ..■ " y^i.^ ■■ ■ ' . J 




Houfs per -Wffek 




- ■ -/ ' " * ^ ' - • '' ' ' ' • ' , . ' 


^oummer 


Fall 


Winter 


Spring 


Nuclear Physics & Instrumentation 










Radionucl tde. Measutements 




4- + .2t 






Radiation Protection > 






4*, + 2 1 




Tracer Methodology atid "Radio- - ' 
- ^ - phartnaceut icals j 










Clinical Applicacians of Radio- 
nuclides ^ . ' 








c 


ilematology and Laboratory Chemistry 
Lectures - . . ; . . 




■ 2*. 




, / 


Technical Evaluation of NucLaar^ 
: Medicina |PrdGadures- : / ^ 


■ J 


' 5* ' 


- . .3* 


. -/ 
: 5$ -! ■ 


Clinical^ Nuclear Medicine and . 
. Hetnatology Practicutn ^ , 


25§ , 


25§ 


25§ > : 


' '■ " J 

. 30§ 


"Didactic lectures - 
tLab-o^atory exercises - 
^Conference sessions }" 
§Practical experience. ..: - ;) A . 








■ /. ' 

1 



Thl-s manual is used* In teaching the first four coifrses listed In the 
Lnternshipj l/e., nuclear phyrics and instrumentations radionuclide 
measuremehts 5 radiation protection^ and tracer methoddlogy and radio- 
pharmaceuticals: ^ If is offered as an addition to the- eKiguous liter- \ ^ 
ature^ presently availabl:© to those^ who wish to train Nuclear Medical 
Technologists* . ' = " ' ; -. ^ 

Thl instructor may f ind the manual useful ^as a: guideline ' of -topics to 
be covered in a training program; not necessarily .in. the order in which 
they are . presented here. For the students^ it will serve as a study 
marii^al/ Some topic's , he will findj .are covered, in adequate depth In the 
manual " while others fwill.' rejquire suppiementary reading from the lis t . of 
suggestions^ for further reading given at the end of eaGh/chaptf r . These 
lists are. riot presented as: bibllographLes , bu t rather as add! tiohal *read 
ing ma terial 's^eiecced from readily availab pub lic^at ions , 

Thfe reader will nol e that\ stepwise procedures are not included^ in th§ 
manual'. prooedures vary from place to place , and. /'che' authors reppmniend 
:that each iris titution in which this manual is used hav& available a pro- 
cedures manual to complement the general information contained herein , 



Since college leyel courses in anatomy And physiology , ^hemlstryj 
physics, and basic mathematlcs/are prerequisite to the iftternshlp in . 
which this manual Is used^ the fundanientals of these scienMs are itot 
:luded except fbr the. mathamitics review 'in the appendix* 
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Arve Dahl ' ^ 
Acting Director , 5 . " " . 

Mvision of/ Medical Radiation Exposure 
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Much of thiB material on basie phyMcs ^and rradiatibn i^ro^ 
^iHi^tedJrf rpfrvl^^ outllneg .w^itfbfn. by members; of ^ the gaining'; 

and^Manpower development Sta,f f ^of ^JJtte Bureau^ of Radldl Health^ 
; Public:. Health/ Sm^jyic^i^ TTie^^uthor^^lso: arfe indebted to Drs, : . ' 

Eugene \L / S#inger^^Jaine&^^*^ Maek-j Edward ^Silberstain , 
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■1.^ = - :^RUCTURE: :0F THE ^OM 



.ATOMIC STRUCTURE 



The ^atom is ttie' simplest uni*t dnto 'which an . element can be divided and' ^ 

still retrain Sthe propWrtles^'^^ the original. element . Atoms of alj= ele^^ 
.mehtfs are rtadl of tHr-ee primary subatOTrtic ,i)ulldin^ blocks : elMtifons ■ 
'.protbns , \and neutrons . These three primary build^^^ are, so ar- 

ranged that' the atam m^ be thought of as. consisting of two ;maln parts --'^'^ 

the nucleus arid' the eleqtfon cloud 

atoms^ 'is. shown in Figure ^\ , . 



The Nucleus 



A graphic represejiat ion of several 



The nQcleus ,iC the .central^^qr^ the atom and contains two of the 

: three .-buifdlrig^locks 5 the^.^^^ and neutrons . Protons and" neutrons 

■'make up practically all of .the mass of the ^^tofc. Protons and ^neutrons 
are ofteTi referred ^to CO as nucleons; The nualeus consists of 

various comb inat ions of protons and fteutrstis; It is eaisier to understand" 
thi following dlsbWssion If these cpmblnatlons are thought of as^being • 
heldVtogether by a nuclea?- force /sufficiently the ' - 

^oulomb:^ f or:|e of ^ repulsion 'thatt exists, between ,the; pp^ltlvely, charged ^: 
protons ^ ^ tfible X^l lists thi: subatomic par^cles aiiH theirf physical . ; ■ 
■properties.^ * ■■^r,^^'.'- : \\-/^:^^\ . - -^ V -^^ ^ 

' . Table I.'l^-Atomic Building Blocks ; ■ . . . ■ ■ .^.^ ; 



: Unit- 


' Symbol 


Relative"^ Mass 
in Atomic 
Mass Units j 


^ j . Charge (Electrical) . 


*^oulotab 


esu . 


' relat Ive ^ / 


grot on 
ele&^.on 
neiitron \ 


i." ^ - 


1.007277 
0,^00d5486 
: ; i. 008^65^^ % 


1,6 J< 10^^" 


4.8 k 10^^^ ' 
.0 


+1 . 




Electrdn^ Cfoud 



The;.; electron cloud surrbunds .'the/ nuclear^ port of ' t})e atom a 
taln%' the ele^ctrdnSj which are in motion abput the nucleus, S 
atom . .a^. a V^ole^ls eiectrlsall^ .Tfiu of electron 

eli'ctrbn clqudMs eqyal to the number of' positive charges^ (pro 
t'^the. nucleus ■ . Z;; ^-^v^'^-'f ■ " / ^'/^ ■ ■ 



nd Con- 
ine e th 
s in th 
tons) j 



e 

e 

in 



'The i^esults 'of . various of the .electTon a'trangements in atoms 

indicate: that ielectrons in an atom are grouped" into shells each having 



"^lOtir knowledge ;of\ the electron conf ig;iratl^n§ of! atonis has c^ome chiefly 
^romrstudles of /atomic spectra varlatloh^in cKemlcal propBrtlea 
■ with atomi-c' -number: * ^ • ' ' " \ -' '.r ' ■ ' 
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Atomic Str ucture 



a defintta ^energy and a defindte maximum number of electrons* It ll^ 
customary to visualise electrons of the atom as moving about the nucle- 
us in orbits much as the planets revolve in eilipCtcal paths about the 
sun. Although this-mental ima.ge is not entir.aly accurate, it provides 
a useful model for uncierscanci Ing the. atom. Th^ese well-defined o^rbits 
(gr shells) are often referred . to as energy Xor qJiantum) levels, since 
a definite minimum amount of energy is required tb remove an electron 
from a particular sheU, Each shell is denoted bfy a number in order o 
decreasing binding energy or, more commonly j by ^ letter designatton 
fro'm K to Q, as shown below* 



1 
K 
\ 



2 
L 



3 
M 
\ 



4 
N 



5 
0 




The first shell is designated as K, the second as L, the third M, and* 
so on thruugh the aiphab^t to ur the seventli shell, which is the 
outermost shell, found in any of Lhe presently knuwn elements, 

11, IONS AND igNl^ATlON % 

Ail ^Luiii^ ill their iuwesL eiietgy ^L^Le haVt^ Lht s ai^ne^ iiainbtii 

trons as protons. Cohsequeht ly , they carry no net electrical charge. 
When ^Cqius combine to form compounds , the r^su 1 1 in^ ^fflbl^cuie has ihn 
same total number of electrons as It does protons, and thfe tnolecul^e is 
also e lec t L ically neutral. Since ^tbe ele<.^trou is the light est part of 
the atom and since each electron is nut bouud as LighLly to tlie nuuieu£j 
as the protons and neutions are bound tu each utii^r, it is mo re mobile 
and can be removed from the atom or molecule by supplying a ^relatively 
small amount of energy. As soon as an election is removed ^rom au ciLuiu 
or molecule J the result lug t^ompouenL hus au ele. trie chargi^ b^caiisL.: the 
prutuns are then in excess of the eltiCtr4.ms After Lhe renu^vMl ot ati 
electron j the residual atoiu is ceiled (Figur*^ 1 z). 



1 u n ^ ma y be charged pusitlvtily l nug^jLlvs^l^- ^nd incsy ditlzsL in 

tala, liquids, or in gases. P.^siilve iun.^ ai e pi udu. ed by teuiOviu^ 
electrons from neutral atom» and molecules ^ whereas n^g^tl ,e ions ai 
created when electrons attach themselves to iieutral atoms or mule 
cules . The magnitude of the electricar chaii^e on an ion in terms wt 
electron units, is equal to the number of electro'iis removed from or 
added to a neutral atom or molecule* "Ihe magnitude of the charge may 
be calculated by multiplying the number of electrons exchanged (gain'= 
ed or lost) by the charge on each electron in coulumb.s or elec t ros tat 1 c 




Atomic Structure 




[QNiZiNG PATH Q 



ION P^IR ^ "VJONjZlNG 

PARTfCLE 



Figure 1-2 * loniaa L ion 



units, The electron charge is given in Table 1^1, 

The charge un dn iun in t^rms of electron quIlh it^ called cfte, valt^iice^ 
of. the ion. It is cuinmun praccicfe^ to cunsi^ier d free elect run as an 
ion. Ions' are, th^erefore, defined as free electrons or atoms or groups 
of atoms' carrying a net electrtcal charge. 

" \ 

Ionization Is the process^ of producing iuuh. Aiiyttting LhaL is uapablfj 
of removtng eiectrons from (or adding elections to) neutral atoms or 
molecules is \:apable of causing iunization. In radiation physics, 
ionizing events usually result in the removal or electroiis, Consequentl 
an ionizing event is spokan of as producing an ion pair w}iich consists 
of th^ fryed ej^cLroii and tht; lesidual po.^ i t i v ^ i on . lunizatidn i^ uiicj 
of the mus_t important results uf Lhtj i ti t e r L i tm t)f r^diaLiuri in niaLLer. 

Ill, ATOMIC NOMENCLATURE , * 



Before proceeding furtb.er, it 
the a turn L ij iiiLruduLti a .^m.s? i ^ten l ^^l <)t 
gentjral cxp i e^s.s i u^utul tor rc^ pr tjii l i u^^ 



illfgrt^Uly Himplify rht^ dlscussit^n ut 
itinititJiiS and ^ytiibulsi. A 
1 i L i ^ n 1 . 1 i i 3 w L V ' p \ .j> , 



C h e m 1 ^ J 1 Lj , ui Lj\ . 1 K K> 



i V n i , 
y lub w i ub net 1 1 



In Ch^^: gfe^n^^ifeil ^. J- I e .. . 1 ■ J » It 

^It-^menL and. is u^ed tui he wil 

Sp^cititj ^letUe..L ^ Lht^ c: I , ai i i 

letter" (cap i Cal i ^.^d) in cht^ namd of the elemt! 
folluwed by dii appiopLidLc ^.^.cund TetLei Fui 
resentfejd by C, chlori 
by if^ 



Te t L ei 

Lne by cale-ium ^ 



In 

t ..... i t, 

nt , or 

e Xelillp 

...xy^4^n 



1 .1 I 
r 1 . 
I ^: ut 
Che 

by 0 



rr lug 

th^= 
1 [1 i 1 1 

at l.ion 
. and 



1 .1 . n.. 

in i I i 1 
al lettc^i 

1 43 I ep 

hydrogai. 



^Ulieii this sy^Ct^iu uau adut^^d U/yy lB9d; lU^-: latij^i ..a.u.:.:^ lui ^uy^i^l 
metala were in conimun use. Tnis is refit-.. Le^d in su.Ji symbols as Fe 
(from L h^ Lci t i u f ^ r v urn ) f u i i r on , € u ( c u p r urn ) f u l u u p pt: t , A u ( a u r urn ) 
for gold, Ag (argentum) for silver, bn (stannum) for tin, and Sb 
(stibium) for antimony. 



AtOTni c Stru cture , - 5' 

.. . - — — - = -T^--^ ' 

B. ' Atomic Number (Z) 

m 

The atomic number (Z) is the number of protons or positive charges in 
the nucleus. ■ - i , 

\ 

Since atoms are electrically neutral^ che number of electrons in the 
electron clpud^« the s^me as the 'number of protons within the nucleus?, 
lach element has an atomic number which is characteristic of the ele- 
ment and^s synonynious with the chemical symbol. There are currently 
over 100 elements , symbols ^ and atomic numbers. Consequently an ele- 
ment may be desitznated in any one of the three ways --by name, number, - 
letter s ym bo 1 , m 

C, Mas a Number (A) ' • 

The A in the general uxprest^Iun (^^X) is the Lutal nuiub^r of parLicles 
(protons and neutrons) in the nucleus and is referred to as the mass 
number. The mass number is approximately equal^ to the atomic mass of 
the atom inatbmicmassunits. 

t 

[J. Ht^utran Number (N) and l^uLup^s 

The number of ueutruuM in the nucleu.s is calltid the lUJUtroii numbtj-r (N) 
aricf is equal to^the mass iiuiuj^er miiiu^^ l\\c atomic number (A=/). 

WVien the aLoms 'ot an eleuieiit tiavt- Ltie ^^^^iia^ immber ot protons but a dif- 
ferenc number of neutrons, t h^y 'a l e .sa^id tu be isotopes of the element. 
Such at<)ms are, in ferVeral, ind is t ingiftshab le chemically. The ehemical 
properties uf the isotopes of an elemtuit art» the Hdnie because the chem- 
iwal propei L U'S depend on the luiiiibei- ot unbital) electron-, surruuuding 
the HUcIeuSj wiiich in Lurrr is = de t e^fiiiintiU by the number of ptotons in 

L he nUC I eUr> . ^ ' 

F^l t:^%^n!plw, tliLic jll; L hi lid i U ra I 1 y wL.w.iiLliu^ i^io topes ot oxygtiii^ 

namely, to, ^l^-K '^0. ihe isotop.. with a .m^Ss numbei ui 16 

uwvur-. iHOi^l jbuiid^iitl^ Au-tlici eKauipK- ia Ity-Uugtju whiuh haJ tin... 
ibwtopus, I l\ ^ fli, a[id ^lu This element is i ^u i f i caii t rhal it^ 

thrt^e l^.)Lupe^ atf b OLiie t iiu^^ s criMed by disiin^t names., The is., tope 
wltii a {ua:-..^ iiuiubfci ut 1 it. culled h^di..^trii^ t ht_: wlLlt A-^ dtzu 

Leiiuui, and the Li^iid {A-h is L i 1 t i utu . 

A, Atum.ic Mass IJniL ^auiu) 

It, £11 ^.i i - I. i .4 I C- tilt. JU t i .i i tt^^ .'I t h . -I t . .M. iC M..^ . .,1,11 

L i - e m^^. H u f I h e j.a r t Ic 1 e . , e . . p i e ,j s c- J • I n ^ i a n . . 
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Since the mmss of an individual nuclear particle Is very small and, 
when expressed in grams, involves the use of unwieldy negative expo- 
nents , the system of atomic mass units (amu) is employed which uses 
carbon 12 ( |C) as a reference a,tom. The arbitrary value of 12 mass 
units has been assigned to carbon 12, The masses of all other atoms 
a/re based on a unit which is ^f^^ the mass of the carbon 12 atom. The 
mass of the lightest isotope of hydrogen is approximately I amu. 

The mass in grams of an Isotope numerically equal to it# . 
atomic mass is called a gram-atomic mass, A gram-ato®lc mass oJ^- a 
substance is also referred to as a mole or equivalent mass of /€he sub- 
.stan<;^e. Since gra^-atomic masses are, in magnitude, proper ti6nal to ^ 
the actual maa'ses of the individual atoms, it follows that one mole of 
a'ny substance contains a definite number of atoms. The number of atoms 
in one gram-atomic mas^ is known as Avogadro's number (N^) and is equal 
^to 6.023 A 10 atoms/gr^ui-atomic mass. ^ 



The mass ot any ^loui in grams can thus be fuund by d*ividing the gram 
atomic^mas^s of Lhe isocope by Avogadro's numbed- For eKample, the mass 
of an atom. of carbon 12 is its gram.-'a tumlc ma^s (12 gm) divicl^d by 
Avogadru'ri UUinber ( ) . ^ f 

IZ 
.023 X 



iS S 




would >3 yt the iua..:3 gt ^dtbaiL ii ALu.n, 



} I 



i 



\i amy/' C a Lam 



1 u 



I O f 41 1 { i L a 4 ej u ii 1,1.1.. 1 .i . m1 1 .1^ .1 . 1 , . . . . . ., ^ . . ^ 

sm^I ii>4.^3, u..ii3iJe2r the cudrg p, ^jUu. cd if a^uu (. 60 a . iu" ) 

is cuiiverted lata energy. Th^ ^.onvtfrslou cdti "be expCcaseJ oy " fiins l e i ' 
famous fequatlun relating Jti^isa ^nd energy '-^ 
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where m is the mass in grams, and c is che velocity of light in cni/scc^ 
Then the energy, equ iva lent (E)^=Qf,one atomic mass ynit is glyen by 

. ^- E « (1.66 X 10'^^ 'm) (3 X 10-^^ cm/setr - . ' 

■ The unic^ gm- cm" / s ec^'^ , is frequencly encouptered in pnysics and is termed 
the erg , thus : " " * 

E - 1 .49 K 10^ ergs, ' ' . 

C. The Eleccron Volt 

■ ^ 

Another convenient unit of energy is the electron volt. An electron volt 
is defined as the amaunL of kinetic energy acquirt'd by an electron when 
it is accelerate-d in an electric field whicli is produced by a potential 
da t f e r e nc e of one volt. Since the wu r k dune by a difference at po t e n - 
' ^ %^ ' acting on a Q\\ar^e e, is , and the cliarge on one electron Is 

* 1^ ' couh)inby, ii itf possible to caUulatife^ as foUowa^ 

\ ^ 

I eV ^ 1.6 X 10^^^ coulomb a 1 vult 
i eV - 1.0 ^ iU ^ Jwule^ 

S ' ' 

Ot 1 eV - i ^ iU ^ ergs 

bince the el tut run Wit dL yciy ^suiall ^m^uiiL 1 uUl-i^v, ll 1 ^> ui^nv 

eLecLrunvolL^ (MeV), 

1 III 1 1 L I u II e 1 e l: c r cm v i > 1 L ^ ( Me V ) = i , UUt J , 1 J UU f l^e c c r o n volts 

1 i 1 ^ 1 ... i L .-Mk -.-its ^ W 1 . UUi) I , t i ...It.-, 

it I <j p . ^ i t . 1 . t . . w J. . ^ ... t U V . a L . 1 i .... 1 i 1 u 1 1 \/ 



1 h, 1 oO 

1 - ^Jl 



J ; 1 



/ 

/ 



I i- . t * . It . ^ diiMi > ,.,4 1 I ^ 111 . , ^. . . , . , 

.■^uV would te3>,lL. Tu gdia CaiuepL ^ t L.^ AigniLiidu .-1 Li.e elecCtud/ 
vuIl, one milliuii cle.. trou volca (He\f) is t^uuugb. Lu lift only ^ mllli^^am 
weight On^ Eiiilliui.Lh of a eti L ime L e r . ' 



V. NUCLEAR BINDING E^EROY * ^ ' . 

The atomic tnafs o£ d naclide ^an'be understood in terms of the masses of 
ics consticuent parcUaeH and a quantity calUd tWa nucU-ir hinding^en" 
ergy. It. might be thought that the mass of an atom would he oqual, to 
cha^ sum of. the masses of the Udividual particles composing the atom. 
However ; .precise, measurements of atomic masses show that the ^ass of an 
atom is always less than the sum ^of its consCituent par 1 1 c les^ (as mea- 
sured in tbe free stace) . This clifference ^is Called the^ mass defect and 
is the' amount of mass that would be converted into energy and relented 
(to hold the nucleons together) if an atom w^re assemb led f rum/free ncu= 
trons, protons, and alectrons. Since this is also the amoun^t^of energy 
required to break up an atom into it# component pa^cicles, it isThej-e- . 
*fore called the binding energy of the particulaV atom. The ^ re lat lonsh lo 
between binding energy and m.ass defect is given by Einstein-s equation, ]^ 

The binding energy varitH from atom to atom and Is u^^ually expressed in 
terms of- the binding energy per nucleon in a particular atom. Figure 1= ^ 
3 shows a plot of the binding energy per nucUon againsL the mass number'^ 
(A) for the most stable atoms in nature. Important . features of Figure 1= 
3 are: (1) a central region for which the average binding energy i*s 
nearly constant (-8^5 M^V /nuc 1 eun ) ;^ (2) r^giuna at elthur end of the 
curve featuring^a smaller binding energy per particle (which means a le^s 
stable nuclt^us for both small and large mass numbers); and (3)' an unusuall 
large bi<id!ng energy for small mass nUm.bers tiavlng [uicleuns in multiples 
of four. ^ 

Con.sidta- LilC r OLiiuL ut d L e r iuW a^^ liap i J., amp 1 .a L tU- mc^ain^ 

of biriding ''[U^rgf. IjcuU'ciuin made up ai uut^ pioUni iud uLie^i^uLiun 
in the nucleus, and one orbital electron. The atomic juass of deuterluiu 

ib J.UUtlOi (aniu). ib^ ^um ut LfWtr masses ut i I ^ ^ ^Us p^ M i n L ^aiticlcs. 
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CHAPTER II 



RADTOACTtVTTY 



K INTRODUCTION ^ " - - * ^ 

Th^a are ^ercain structural criteria necessary" for t\e nuclei of 
isotopes of the various elfemep^s to exist in a stable stace. When 
these' criteria are not met<^ the nucleus will be unstable and manifest 
the phenomenon of radioactivity. Radioactivity refers to the procesjses 
by which nucilei spon^neously decay or disintegrate by one or more dis = 
cretfi energy steps or transitions until a stable state is reached. The 
criteria ^which dfetermine whether a given nucleus is stable or unstable 
are briefly discussed in the following section of Nuclear Stability, 

II. NUCLEAR STABILITY - \^ ^ ^ 

There' are two sets of forces acting on the particles within the nuc^leus 
the relatively long range Coulomb forces of repulsion between the posi- 
ti\/e charges on the ■ protons and the very short range forces between 
both types of pirtficles. These last. forces are only partly understood 
and no attempt will ba made here to discuss them. Suffice to say th^t 
the combined effects of these atcractij/e and repulsive forced are such ^ 
that only certain combinations or ratios, of^heutrons and prbtons are 
atafeTe. ■ ■ ' ' , ^ . ^ ^ 

Theoretically, if the coulomb ^ forces we re discounted, optimal stability 
would be' achieved ^within a nucleus wtien th^^ mimbers at protons and neu-- 
trons are approximately equal. Such is Lhe situatiuti ^or the llghLer 
elements in whlcti^ ^the coulomb forces, in relation to the shorL^range 
forces, are InslgniHcant . ' These coulomb forces, however, become in= 
creaslngly .significant as the. atomic number increases abova 20. With 
significant increases of tiiese repulsive forces within nuclei, intra 
nuclear stability conditions become alteted, Cunsequeut ly , with in- 
creasing atomic number, ^ neutron exc^-ss ia Ltquired in order fot *a 
dleus to be stable = 



liius , ioi ^lemesut^ whicti a^e ielcaLivel^ .1k>w iu tUe "perludlc tabit. 
(a low at omi^ nitoiber) "nuclear stability ucciirs when the number of 
neutrpus aad protons is about eqtial , or^ whe[i i he rallu of neutrotis tu 
prutons (n^p ratio) is approximately equtil to LiuiLy. A^. elfeinenLs 
increase in £ number above 20, the n.p ratio lequlr^a fui sLabillt^ 
gradually increases until Z ^ 83 (bismuth), where the n^p ratio required 
for stab^llity exceeds 1,5.1. Finally, at the end of l h^ p^riudic table, 
above ^laBi, there ar^ no completely stable nuclei. The stability 
conditions bcised on n;p ratios are nSt very critical, and ''atablliLy 
ranges" of nip raclos eKist for any given atomic numbfer oe any given 
mass;^ humber . Kor a given mass number, th^re may be ^^v^ral stable . 
aWangements of protons and neutrons . For a given ^tumlc .number , 
conditions may vary still more widely ao ttiaL numerous stable isoLupes 
can occur for a particular element"-as many as 10 Sr 12 stcible isotopes 
for some elements. 
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Tha n:p ratio is an tver-simplfiied ^xplanatLon of.^tl^e infcrnrtucloar crl = 
terla leading to nuclear stability. Additional factprs involving 
qciiantum-mechanlcal principles and binding energy cons tderationS are 
needed to further eKplain stability, but this is beyond the. Bcopu of. 
this document. ^ ^ - . , ' • 

In summary i nuclear stability ig governed by tiie' part tcuinr combination 
and arrangement of qeutrons/and protons in a given nucleus. If the 
combination and arrangement Spf neutrons and protons does^not fall within 
a St Ale range, then the nucleus is unst^le, which is tantamount to 
saying ^the nucleus is radioactive. An unstaijie nucleus attempts to 
achieve^ stability 'by chan|lng its conf iguptft ion or ratio of neutrons ^nd 
protons by means of spontaneous disintegration, or radioactive decay. 



RADCUACTIVITY (NaLural and ArLificial) * ^ 

CertaLn nuclides are found-to b^.^unstabU af tht^^occuL lu lUiLuru and are 
thereCort' called "na tura I " ^ Ad ionuc I iden , Ottierb udcut: *ab a rt^buit ot 
nuclear reac c ions ■ brough t abuut.by man. ihe majurlty^of all 

in this manner and are said to be "artificiar' 
sses involved in the production of art^lficlal 

r a d L oa c t i V i t Y 



ill, 



var 10 us 

rd(r iori^^ 1 id ^ a r e pr od uu lh 
rad ionuc 1 Ides . Tluj pi oce 

will bu discub^sed in detail iu a sub^equ^ai chapLt*r on nuc 



lear reactions*. ^ .# 

The f^rsC reported evadtfiicy oi 
Becquerel ^in 1890 , Becquer e 1 d 
darken a phot o graphic p4 ^' ^ 
the same maiHU/r an x rays . iie 
ptfiietraLin^ lavs, ^UuilaL- k 
ed "radioacLivUy - li^ Liaie, i 
mt-uts bt^youd thu aLunJic nutnbur 
a ting charat: Ler is L ic^ , Alter a 
Liitti?,, Lu whi^h iiiaiiv ouL-rtlaiidiu 
sCandlll^ .d' na f ^ l 1 . l ad i ^^a w l i v i 
(ninfitei.1 wit.h ^'Xpci luiciu 

that there w^-re Lhrue kindH 
b et a , (3 ) , a nd gamma , ( v ) . 



naLuLal rad iuac L iv ity way by Henry 
tmionsLfated ^hat uranium ore would tug uv 
ch waa sUiit^lded v/itli opaque paper in much 

pUbLuiaLed LhaL th^ ULauiuiii triu 1 L I cd Very 
lavj^. Th^ phenumetuai u 1 t 1 iiui I c I y ^a^ call^ 
L wa.^ dfr-LeuRiued Lljat thi^ic weic gauy elt- 
of lead ( /. - 82) t.hLit showed similar radi = 

iuki^ and ^uiupikw^d ^ed chain uf Ll^ye^Liga- 
^ phynicii^i^ contributed, a be t t er^ und er = 
Lvjwas ^airied ihe und er c and 1 ng ^ Wa^ cu ' ■ 

Kith.M turd wh^ |na9U3, clt^tirly showed 

la^ie^acti^e lmh i h MtiH , ji^Mt i v. cilphci, i^x) 



. A 

1 



i 



, K ^4 d 1 . ■ il . I 1 ' C hi I . ] :^ U U 1 1 




* . £5 t - J ^ ed h ;. cA I ^ \J 

a Lhin pd^CL- ut papef. Alpha pailLLlui. i c,..npu 

acLlv twiet- Lu^it ti^fcr t'U^iro^iy .^nd a ma^.. 

ficle aiul Lhf- heliu.u niiC^^^ub cjt ^ id^nti.ai 1 L r U e t U i 
(jeptlun?., oui/ relaL 1 ve ly fitra Jy L^dlua^Liv. ^iulIuIc^. ^1 
s i > M \ . • 
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^ exist in the 'orbibs arpund the ^nucleus, rfir, they travel several 

hundred tlma^ .the distance df\alRha particles and require a^ew mllll- , 
me t ar s aluminum to ttop thetn. Beta disintegration* occur^ mo .#t^ of ten - 
in nuclei, which axhibU a high n;p ratio. The i n t ranuc laar e f f e# t of 
a beta, emission is frhat of changing a neutron into^-a protoli thus decreas = 
ing Che n:p ratio. ' ' ■ " * ^ % 

3 . \ Gamma rays (>) like k rays, ^ra alec c rumagnetdc radiations whieii 
c.ravel with the speed of light. ^'hay cJiTfer from x n-ays only in their 
ot^gips; X rays or iginatf ' f rom transit i5ns betwa^n erectronic energy luv= 
(orbical alectron shells), and gamrfa-rays originate f rom' tjans i 1 1 ons 
. b,et,tSeeri^^nuclear energy levels . 

Efaqf romagnet ic radiations (photons) create wavel ike ^d i s t ur^Tncas ;in 
space analagous to Lhe- disturbance created if a sLone is dropped verti- 
cally into the canter of a pool of water,- As the atone strikes the water, 
a series of crests and troughs are formed whirt constitute^ a wnve motion 
^ as il Tub t racfd' in Figure Ll-l^^^Tha d istatice between any two successive 
cresses or truughH in knuwn .i.s the wavelangth, which is raprest-ntfd -by ikm 
Creek letter lambda (X). 




Since all e lac L r uniagiie C ic rays travel at thfe^\^amt: Hpct-d , (3 ^ 'lO'^ cm/sec 
ur 186,000 mileb/Httc) in a vacuum, the riumbar of waves (cret^ts) pa.ssing a 
'certain point par uiitt time, or the frequen^ with which the crests paUs 
the point, will decrt'^Ae w i t h inc reas ing diWanca betwean, crust.^ (wave- 
langth). The fraquancy id rtiprtis^nted. by tht^ Cireek latter nu (w).. The 
relation between Lhe wavulength X, the ^requtuicy i> , and the vt-loclty of 

^thu ^W^Ve (e) is given by Lhj ^mx^L i u.i^^i- - c/h. 
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jZ^ M ' ' . Radipaoti^lty _ 



Gamma rays occupy a h*L^her energy range "on the alectromaghetlc spectrum 
than do vtsLble light rays; their fenergies ranging .frqm a- fi.w kaV to 
several^ MeV. ^= ^ ' ^-^^ ■ ' " . r^^>'= -.-^i' - 

4, ^ Other modes af decay . * , . u . ■ 

The fdlloWing 'modes ^of radioactive dicay are ; assocdated primariLy with 
^ artificial radioactivity; ' > - - . " ^ ^ " = 

Po^s i t ronj _ (6 1 are positively charged electrons of niiiclear origl^-^ 
'^pQSitton emission occurs only in art i f tc ia I ly produced ;^'fliionuc I ide s 
being mos't' likely when the nip ratio Is low^ The intrknuclear. efffect 'df ^ 
positron e^mission is ^hat of chang^ing a proton into a neutrons ;thus In- 
,:creasing the n:R^^atio* . \ ; \ ■ , ' V 

w£ ^ Orbital electroiL c_apt_urg C^- capture} refers to the radioactive decay' 
process whereby the nucleus captures an electron f rom^ an; orbital sheri 
of the atom. An electron from a higher energy level * immediately moves 
in to" f ill the vacant position and the excess ener^iy is emitted a 
characteristic x^ray photon. The nucleus might conceivably, capture an 
L-shell elet:t^on5 but K^e^ectron capture is much more probable. He^nce 
this mo^edt -deeply! is frequently referred tu as *'K =capture Orbital 
elec&rqn capture is also abbr,evlated as "fc^C." ^ 

K-captMre. is always accompdnlfcid by the emission of an x ray witli energy 
equal to the dif fere rice between the K- and L-btiell electron energy 
leVgls in the daughter product. Like positron emission, K -capture can 
be expected to occur in nuulide^ tiaving a low^nip ratiu. The intr^uu^ 
clear effect of eittier of these isodea ot decay- is to. change a proton in 
to a 'neutron, tiius increasing the n:p ratio," ^, ^ ^' _ 

. C. Internal con vers Ion Ls Ltie p e u^.-c^S by 1^ li a nucl^uri lii ^4X,*^^^4<P^dr,ii.5.t.. 

eneriT^tate reaches a 1uw..l ^L^ie by . l r ahs f e t r ing its c^xcess energy to. an 
orbical el^ecLron (usually.^ h or ^ e lee Lron^ . The ele.Ltun e j ec t^d f rotii 
Ltie ai.HU in liau oT a g^imna r^y of eiiergV h^. The en^Lgy ot the elet^tLun 
i5 hy mLnu£> Ej^, ^ht^Le £^ is the blhding energy of the ejected electron- 

d, L ^^tieri.C t A aUAj i L^i -11 ^ LyP^ ^^diuac L 1 V 1 I ^ aaiai^i 1 <=^d vvltti kui 

t^lu pairs Ot nuc I ides (ca 1 I c^d i cornet that have the bdme ma S nUu.be i 
and the name ^itoiui.. nuuitit-r but exist iu diftuiient [ui^^ledr ...-nergy ^tate.. ^ 
Genecaliy. .^^e/wf tht; l^ouu.ib is m^Uist.ble (the uUcltdua ^ cuetgy 
btate eibuv^ Lhe gLOun.l ^Late) dild awliicvea ihc ^iOUUd s t t e 01 It^ low-' 

est e.icr^^y ^tat.; by etuiLLing delayed (usually greater than lO ' se..onds). 
gaauua E ad i u t l u n . T 1 1 e a»e t afe t a b 1 e ^ or e x ^. i t e d t a L e , 1 1 . e i c f u t e i ^ p r e b e [i t ^ 
^\.>n e I . -Mii » 1 t t K} L u» o t .1 p a r t i c u 1 a l n uc 1 1.: ei r ^ p i e ^ wl » 1 1 1: 1 1 le g i und ^ t a t e 
rep ^r-i Lt»^ uLlifejL B'uLther iddiodt=Livu des^ay Ly bct.i pw^ilivai 



pLuwtied L 4 oirt the ground atate 



e. L,ui.uLki»^^ ar^ nc_: I 1 a 1 ^ _i i l i 1 ^ wltti negligibie rest mass*- ii^^y ac = 
couuC for the en^^gy distiibuLlun among' beta part idea and pQsiLrons in 
thu=su dejway p rode s sea. On c^a^-h beta or- poEjitron disintegration, the 
neutrino w a l r Iti s . away Bwute- fraction of the d 1 s in l egr at4on energy* The 
neutrino is of ,nd* stguif icauce in nuelear niedicine applications, because 
It ^ seldom in=t ©Me Cs with macter, *f , Q . - ^ - 



V.B. Transmutation . = ' - " . 

.•"''•,..—4,5 '> - ' - • ' " ^ - ■ ■ ' • 

^j^^hen a radioactive nacllde decays g~ , p"*" or K-capturej a transmuta- 
V tion occurs*. The dacay^ product , or/ aa it is= frequently cairadj the. : 
/'danighter .product7''\h'as bacom an atom of a ntw alaman't with ;chamical ' : 
^^^proparties enUrely-unlika th^ ori^^ 

A nuclius emitting^ an alpba particla ■ dislntegraces to .a daughter element, 
raduead . in^jatomic number by 2 and taducad in mass numbar by 4| a.g;, ra- 
/dlum decay ^by- alpha amission to produce radon^^s follows : . ^ 



'' In the -^asa 'of -betf /iyemit t ers^^^ nuc laus of the^ parenT givas" of f ^a nag- 

atively^ chargad p^tficle resulting. In a daughtar mora positive by one 
ilnif of charge; .£j^er"aWinlc number Inc teas as by ona but the mass number 
is unchanged; e, g. y !-fodine-131v decays^: by beta amission to/xenon-131 as. 

f cilOWS^r.:- / i ■■■ ■ .V/ - ■ " " - 



with positron emitters, the parent nucleui gives up a positive charge re- 

□ne ^n] 
t remai 



suiting in a daughter less positive by. one ^nlt. of charge; tha#atomic num 
ber decreases. -.by one and the mass number remains . unchan^fe'dH^ as in the fol 



low ing . eicamp le 



31 Ga 3Q Zn. + 1.6 



In Instances whari^K^capture is th# mode b dacayj the transmutation is 
id ant teal, to that of -pos let on emission: . , , 

' ~' " + ?e.-*l|i Te-+K ray 

■- • -- - ■■ " .,1-- ; .. • - •■ . ■ • ' ■ ■ li ' ' ' ■ - 

Nuclear decay reactions resulting In a cransmutation often leave the 
resultant nucleus, in an eKcited .state. Nuclei's thus exci-tedj may reach 
the ground estate by the instantaneous amission of a ganma photon* The 
transmutation examples ^shown above are all accompanied by ganma em^sion , 
on at least -part of the disintegrationsv There are numerous radionuclide 
hgwever, which decay by particulate emission alona, , 

C* Dec^yr I^henomana = ^ - ■ ■ , . - 

Each radioactive riucl ides'- art if leal as well as naturals has its own : 
unique charac ter 1st i^c pattern .of decay. There are two aspects= associated 
with this '^patterrf*; one being the feypes and energies of the emissions 
involveds/ and theivpther -bpingv the rate of decay .'^ -^ - 

All nuc,laifo£;a given nuclide seeking stability by radioactive decay do. 
so in a .specif ic ■manner * As previously indicated , ^^^Ra decays by alpha 
emss ion which; i^' accompanied by gamma photon^ This represents the 

only mode of decay open to ^^^Ra. - There, are, however , . some radioactive 

• ' ^ . ...... ■ ■ .. 



16 ' ■ - ■ ^ RkdijpaGttvitv ^ ■ ' vv^ / . ^ ■ ; 

nuclldiBS whlch may decay, with a branchirig effect whereby a .choice pf dej 
cay scKeni^s ejtists. • In such cases branching said ^ to exist .^ : 

A caae in ppint ±b the decay of^'^Ni. Thia isptope of jiifikel dBQayB 50% 
of the time by K-capture and 50% of the time by g emissioh, ^The branch- 
ing' rattb' is then _ ^ • • , , - . ; s 



EC 



Not only d®, specific radionuclides disintegrate in a given manner .inso^ . 
:far as tKe types of emissions are cphcerned , but the; emissions fWm each, 
nuclide exhibit a d Is ti.nct energy picture. The^ energies associated with 
radiations are desci'ibed in terms or\**mega electroh vqlts*! (MeV) or ''kilo 
electron volts" (keV) . ^ ; Beta- emissions, may occur with ^^e^^ 

about ^ MeV; alphas up: ;to about ;^1Q MeVr ganmta photons jVp to^approKl-y , . 
mately 3 MeV,. The kinetic energy of a particle i*s -proportional to the 
square 6i Its velocity f or ^ 0^^^ in reverse, . the ^ilgher the energy* the 
greater the velocity of- the par ticler whereas the df photons is 

constant In a given medium and energy differences &re manifested by vary- 
ing wavelengths and frequencies. ^ : " \ 

The other cha:racteris tic aspect associated with, decay patterns Is the 
rate of decay. The disintegrations associated with radioactive nuclides 
/occur with a. regularity characteristic ipv each particular species. 
Such disintegrationa-are spontaneous -and random, a single radium nucleus, 
for instance, may d is integrate at once, or Ija it : for thousands of years 
befdre- emitting an alpha particle. All that can be predicted with any 
degree Of certainty Is that half of alL the radlum^226: nuclei pr.ese^ 
will disintegrate^ in 1622 years. This called the half -life of 



^Ra, 



The wide range in h£lf-life' values for naturally occurring radioactive 
elements is typif ied' by ^^ ^Po:, with a half^ifi of ^3 . X 10 - seconds, ; 
and/^^^Bi^ with a half-life of over :2K itf®: years , The concept of . . 
half-life will be elaborated on more fully in" Chapter III , 

C. Radioactive 'Families ' ^ . ■ ^ 

The tansmutations associated with natural radioactive elements frequently 
yield a daughter which also is ^radioactive . To date, there have been., 
about 70 different natural radionuclides identified each with its own 
characteristic pattern'^of radioactivity. Most of these yi^ld radioadtive 
daughters and are now known to be intimately interrelated In what are 
called radioactive series or^f amilies . it has hemn established that most 
of the Isolated radioactive: species belong to "one of three independent 
groups or families;. Each family starts with a parent radloelement decay- 
ing or transmuting into a daughter elemerity also radioactive, and so ^ 
on" until stability Is attained . One family starts wl^huraniura-238 and 
ds called the urnaium series. Ahothe^ starts thorium-232 and is called 
the thorium sarins, and a third starHng with uranium^235. is^^called the 
actinium series ; In each: of these three series V there is a /^seesawing ' 
in the transmutation chain between decreasing the atomic number by two 
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with o?, amiss Ion and increasing t&^/by one with emission. Each of'.- ■ 
these series ends ; in a different stable, isotope of lead. There is al&o 
a fourth series, namely Che neptunium series 3' namted after its . longest ■ ' 
/lived member, Actually; the neptunium, serdes has been ar^ifrcially/prp.-.' . 
duced and does not occar in nature, but it is 'assumed thae i^ did occur:"'" 
in nature at. one time and hai become ;eKtinct because, of the- relatively 
short .half-liyes involved. . The longest lived radioelement in the series- 
15. Np with a ha If -life fof ,2, 2 X 10^' years. Assuming that the age bf th 
earch is 2. 2 X 10^ years ^ this would indicate', that from the time of ^ ^ 
formation, neptunium-237 has undergone 1000 half-l'ives decay; , The frac- 
tion of a radAoelement . remaining afcer 1000 half-lives would be . f antas- ■ 
tlcally .sma;ll--of the ordef^of 10"-°" . It' is . obvious therefore, why it / 
would'be difficult to find tracas of neptunium and -^its descendants -in 
nature- ; - ■ • "■ ■ .■ • • '.. 



Singly Occurring RadioelemenEs 



Careful measurement k have shown = that .^almost aiy materials ; contain tra'ces' 
of radloactivityV. "One might suspecjt that .these trace quantities of ac^ 
tivity might be das' to contamin^^on with some of the heavy rad ioelements'' 
belong^ing to- one of the radioactive series here*tof ore- described ./ How- 
ever, it is . found that certain of the lighter' elements are themselves 
weakly radioactive. . The table below lists four examples df naturally' 
occurring radioelements and their radiations* . 

■ ' ; .'Naturally Occurring Radiomiel ides 



- Nucl ide . 


. Half-tife 


Emission .Energies 


in MeV > 


' Alpha • 


Beta ' \ '- 


Gamma^ 




1.26 X 10® y 




1.314" . ' 


^ 1.460. 




5.0. X.10^°y 




0.274* , 




■ 'tls^ ■ 


■1.05 XlO-^y 


*■ ■ 
2.23. 








3.0 xio'^y 




'0.43 


.088 \ 
. 2,02 
.306 



Curr.e.|['tlys there, is no evidence that' "any .series relationship axlsts among 
these nuclideil. They;" thereforej are regarded as Ind'ividual ,v naturally 
occurring radionuclides having, no familial relationships* ' ' ' ■ 
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CHAPTERS III 




- : ' mjlTS Of RADIPACTIVE DEpAY AND THE DECAY,,LAW. ^ = ^ 

The "riudlear medical technQlogist frequently naed^ to calcjulate tha .ac- 
. tivity .of^ # radioaptlve material which w^s stanfiardizad at some previ- 

• ^ . ous time Methods of- performing thi/sa ca^l cul at ions and def Inl t Ions 
. u n i t s p i r ad 1 o a c 1 1 va^ d e c ay are- In c 1 ud e d i ji t he ma t er i al wh i c h f 0 1, 

rTm o^m ^ ^l..r;-,;-;/ ■ -' -^'^-/. ^ = y"^^-./^;'"*- — ^ \ 

' drxglnaXiy j' TH tiiria ■ waaV tt^^^ ^ -^.^ 

ocburring in the quantity of ;radon_ ;ga irt equilibrium wit-h one gram, of . 

/ rad lum * Xf p e r mi 1 1 ed to. a t t a in t h i s a qu i 1 i br iUm , o n e gr am of . 1r ad i u^ 
will produce about Ov6& nOT? of raddnj apd in this quantity of radon / 
.abtiut 37 biirtbn atoms disintegrate eaeh second* Thus, originally the : 

Y curie unit applied oirly to radium, \ ' : ^ 

The International Radium Standard Conmission in 1930 (extended the def ^ 
ni t i on to in c lude that * quan 1 1 1 y of any rad i oac t Ive d e cay product o f ^ ^ 

• radium .that unde same number of disintegrations per second, 
as one gram of radium. The Co^lssion avoided specif yln . 

- amount 5 so for aom& ye eKact value : of. the curie;unlt varied with 

each successive refinement in the meWurement of- t^e- atomic weight bf/^ 

■ radiums which resulted in a more eKact ! and -stable value for the decay: ' 
constant . ' . - ■ ■■ • ' .• . ' 

In . 1950^ ; ithfi- interriatlonal^ ^ ' , 

Constants of Radioactivity redefined the curie unit- by accepting 37 ^ - 
billion disintegrations per second as amounting to a curie of radibac- 

: tivity regardless of its source or characteri^lc§. At py^esent,. the 
curie (Ci) is def ined simply as a -unit of activity equal to a cilsln^ ' 
tegratlon rate of 3.7 X 10*° disintegrations pe^ second. This def ihl=^^ 
tioh of the curie Is Indeperident of the quantity of the radionuclide. 
Smaller and often more conyenlant units are' the milllcurle-^orie ; 
thousandth of a curie (mCi)j and the mlcrocurle-^Qne millionth of a 

; curie vOiCi) ^ The^ Tpicbcurle (3 , 7 x IQT^^ dis/sec or .2,22 dis/min) is 
of ten used' In expresilng^ very low natural and environmental lavels of 
radioactivity- ■ ■ ■ / ' ■ ■ - . ' , ■■ . 

Ill, CURIES ANDVgrAMS: SPECIFIC ACTIVITY ,. 

Although tha curie orlgdnally applied to emanations from One gram of 
radium, • and one gram pf radium: is approximately, one curie , it is im- 
portant to note that the present definition] of the curie does not make \ [ 
appaterit what weight of the'raaterial Is required,- Since a curie of ac^ 
■tivltymeraly implies 37 billion disintegrations per seconds the welgbt 
of the material requi^^ to produce this number of disintegrations per ^ 
second will be a function of the decay rate of the atoms of the mate- 
rial (i.e., j the disintegration constant) and' of the number of atoms per 
gram of material,; ; As examples^ a curie of pure^°Co would weigh l^s 
than 0,9 milligram/ whereas a curie of natural ^®®u would weigh over 
two metric tons, -'Curies per gram" is termed "specific activity,** 
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In huclear medicine t the term' specific activity refers to the curies'.pej* 
.gram of the cpmpoutid and not- the ra^donuclide alone * For example j ..ona . 
/computes thi spec^ic activity, of fny. pure ra'dtd 

, : curies/gram ^ — " - . . 

: / , ; - . 3,7 X 10^° -A . / ^ . . .\ 



'^erer / ^ Avogadro ■ s n'umber (o,025 X 10 



A . atotriic mass (gm/mole) 



\ decay constant (sec^) ^ ; = ; , 

.'^ ^ • : ^ ;■ ^ ' - ; w / \ ■ ■ '. ■ .\ - " ' ^- : _v , ■■ 

The constant %S . 7 X 10^-,..ls? the humbex- o£ disintagratl^ perl 
secdnd ih one/v.cyrie of activity. For . ; , 

• , ■ specific activity., = % ^ ^_^^^o j ^^^^^ " curies/gm 

: . ^ V . - " ' 1. 24 X 10^ curies/gm . \; ' 

When is combined with other atoms to fbrm a CQmpoundj the iholec^u^ 

lar mass, oE - the compound is substituted f or the atomic mass to compute 
specific activity* yE/or example , if iodine' and sodium. combine to make v 
Hal, and' assuming that every iodine atom in the compound is 1 3 the 
molecular ma#s becomes* * \^^_ , 



Likawise ^ Avogadro 's niimber would have to have units of moleculrtrs/mcrle * 
Since and X have the same values as be £pr the specific activity- of 
the compound is less than that of the radionuclide by the factor 13*1 ^ 

Or^ \specific activity - CI. 24^ \. ^ ; ^ 



^ 1.06 X 10 curies/g 



m 



If the "tag'' is not perfect the specific activity may be further re- 
duced ; For; example / if only one half the iodi in the Nal mole- 
cules are ^^^1, the Specif ic activity woulti.be reduced by a. factor: of - 

2^ bt, ■ \ ■ ■ y : = \ . .. ^ ■ ■■ ^ - ^ ' - ' 

' ^ specific activity^^ 5*3 X 10^ ciiti:es/gm\ . . ■ [\ 

IV, THE RAblOACTXVE pECAY LAW ; . . ^ ' 

The Disintegration Constant - ' . 

The activity of any sample of radioactive material decreases or decays 
at a fixed rate which is characteristic of that particular radionuclide* 
No known physical or chemical agents (such as temperature, pressure, 



Units of" RadtQactive DecAy and thfi Decay, Law , ' ^ : ■ -^'21; 



" dissolution s or combination), may be made to ihjfluerice this rate. Tlie 
_ rate may be /eharacteriEed In at' least two ways ^ one of whlGh is /the - 
disintegration constant :j(X) . 5. The diBlntegration- constant repr.esBnts ^■ 
the fraction of the tota^; n^ atbrais present which decays .in unit 
time^ Thui the' number of disintegrations occurring per unlti time fn .a* 
giverf; sample Is^ the product of= the; numb<er of atoms present; in^ the. sam- 
pled (N) and the fraction of these disintegrating in ©adh^ unit of time 
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where the minus sign is used to Iridicate/ tha t,,r^ ha number ■ of atoms is 
diminishing.. Integra:tion ,of the above equation leads to the basic law 
-bS radio acfeiye-de cay - - .^ .-^r J . . . ... 

. ^ ^ - -Nt ^ Np© - ; ^ . ^ ■ : ^ - :. 

Sta4:ed In; words s the number of atoms ^N^) remaining af ter a tim^ \(t) is 
equal to the number (N^^at time (t^ multiplied by e""^* j^where e is the ■ = 
base of ^he natural sytt^^ of logarithms arid X .is the disintegration" 
constant - . ^' ' . ■ ' . ' - 

B- The Half-Life ; ^ .. . . . . • . , ' * 

The disintegration constant is not "so conveniently used as is another = 
means of representing the rate of radioactive decay ^ vi^.s the half » 
life (Ty) of the radionuclide. The half -life is mere^ the length of 
time required .for one half of the radioacClve atoms present Initially 
to distntegrate . The half -life can be shown to be related to the dls^ 
IhteigraC ipn: constant (\); in the f oil owing way * 7 . ^ ^ = 




Therefor^ J one may substitute this expression. for (X) in the basic da^ 
cay law which yields! . : = " ^ \ . 
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If it is desired to write the equation in terms of activity (A) ins! 
. .. of numbers of atoms*.s one can muitlpiy-both sides of the equation the ^ 
: - dtstntegration constant . (\) as follows r. 

= ' : but , " / ' XN =\A; " : = ^ : 

; Therefore: At = Ape"^^ : " , ; 

This Is the working equation for: computing the activity of a radionu- 
clide remaining in a sample after it has undergone decay for some time 
I - Interval < 
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C * . Calculation of. Activity ■ ■ \' 

Example I •" ^y'' . ' r ' . " . . . ' ■ / \ . ' ■ " . , . ' ' 

Giveny Ao 10 :mC^^^ v'^r-. = , % \ 0 > - . /, 

. ' / t - 120 days ^ , ; - . = . : ' v ■;; / . 

; ^ •-W^'^%>a4;2"4ays/^^■■^^• ^ ■ ;r : ■ ■ ^^z- . . ^ . ; 

Find A^y the quantity ramaining after 120 days. , ^ ' * " 

1. - Computet tonal Method . , . ' . • . ." .•' ■ :: . .. T ■ I 

A^ = (10) e^ ' ~ 14 ■ mC i - — 

^; ; ^10 e" ""^^ ^ lob. 00288) mCi ^: . - 

\ . At = 0-0288', mCi- " ' ; / ' 

This is . the type - of calculation which would be reqjiilred before diluting 
a radiplsotope^ tor future use, or for datermining the activity ramain- 
■ tng in a quahtity of /nueMde whl been stored for some time ^since . 

i t s s t and aijfl i z a t i o ti > ■ ; ? ■ i 

■ . . I ■ • ■' - ' ' ' . ■ . " 

2, Graphic Method 

Thera is a graphical method of accomplishing this-- same result. It is 
based on the fact 'that each half -life xaducas.' the activity; by one half 7^ 
and the ^e^ feet is cuniuiativei l,e* ^ two half -liver^aduca the acti^ty 
to ^'^^ oxM V i^ee t^^^^^ the. ganaral case, 

- ^^r- • ^ ■^■■^-• ATO/^ " ■ ■■ s .■ . A^ ; ■;. ^ ^ ..: 

where (n^ is the number of half -lives alapsed. On pages 24 and 25j this 
function is graphed. The answer to the eKample problem may be read 
from the graph at the pptpt where the line ihtersects 8.44s the number 
of half -lives :^^P undergoes^ 4 days* A useful rule :;of thumb, is that 

s^yen- half -lives will reduce any activity^ to below 1% of its original ; 
value : ■ . ■ . • • ^ / * . • • . 

SIrIES DECA5f^ - : 

Series decay concerns the mathematical relationships^between two or 
more radioriucl Ides existing in a decay chain^i An'- #|campla of a decay : 
chain v^ta tha . two %tep"d^c 



(stablg) 



^The student whQ\ has not studied intagfal calculus may wish to skip the 
. remainder of this chapter . 
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Un1^R of Radto activQ Decay and tha Pep^y Law v .23 



The solution for three or more nuclides, arthougk''^i^ fotward^ is 

<iulte Involved. A two-step relationsTiip (pare^-daughter). can be readily 
derived and is reasonably . easy to apply. . Pareht/dkughter . rela.tiortships 
-are presently being. expioited as sources of radioisotopes 'for use in- 
nuclear madlcina.; . : - , . . ^ - / C - / 

A. General 'Relattonships / ■ , ' /.:'/. ; , . ' , ' , / 

Decay of' the parent nuclide is described by the equation: 

■" . ■ / ' ' dNj 

r^^' .:- \ : ~% : or 

. ^ ^ \ . : dNi ^ -5f(ii-dt 

For the daughter. nuclide , assuming a /freshly, purified sample of parent 
material*. " ' / . v . 



where the Nj \i represents . the race 'at ^which atoms of the daughter are. 
formed, and the Ng^g term represents their 'rate of disappearance. 



Upon integration, . 



wheEe • 



. wf ; ^ initial number of ^ parent atoms present" ^" 
n|. ^ Initial num^ber of daughter atoms. present 
Ng ^ number of daughter atoms at time t 
Xi ^ decay constant* of parent' 
Kb ^ decay constant oi daughter 
t ^ time elapsed since initial 



The equatlbn fbr can be converted to ^its of activity by- murtiplylng 
both sides of the /equation by Xg , ' 

This equation Is the most general form and can be used . for any parent- 
daughter relationship. However^ the equation;may be simplified if cer- 
tain relationshipl between Xi and exist. - ^ 



Un'fts o f Radioactive Decay and, the Decay 'Law 
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Radloacclvfe'^ pacay^j Semi -tog Plqc 



. EXAhffLE 

10 mCl of 
14,3 days 

the ^cttvity femilnlng 125 
days 'later 



P with a T, of 



^ number of half -llv#g ^ 
;P t/T, -125/14,3. - 8.74 




Find 8.74 h|rE-llvea on the ^absclasa 

asfig) * ^^halcorraapondlng ordinate^ 
r(y axis) is ,^234, V In this ca%a, w 
* the fractlon^f aetlulty, repalning, 
A/Ac is -00234, vsince the original 
activity was 10 sCl^^ the activity re- 
malning is ,00234 X 10, or .0234 .aCl. 




■I Secular Equilibrium: JCg J^^'Xi 



^4 -^^^ 



•In.-secular equiUBriiiiiV^ the half^Ufe of the parent is much longer than 
%e' liai"-£-U£e oi^*hS-;'dflughter . In fact,, the parent half^ife may be 
d^Qtist^'diii as. inflrtite 'cpmpared to the time of observation, , Buildup of 
act'£^iV"th a freshly isolated .parent fraction .occurs as shown. 'in Fig- 
• ure IIL-1 . . ll;, , 

Por :the period up to equilibrium' (about 7 dkughtar . half -l^es) , the . gen- 
eral equation reduces to; ■ ■ ■ . • 
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BuUd^up and Deesy of Doughter 
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12 .,• 16 . , 
^ITS OF DAUGHTER HALF:^L]Fi) . . 

-^..^^ .^i , fp^jgura IlI'-L.^^B^rent-Daughter Relationship ^ -r " ^ 
>--^ s ::r. " . la Saoular Equilibrium ^ ■ ^ ^' 

It secular equilibrium "= Vl.'^. ,^r*#|ivity' of tliffe 'da-ughter^is 
equal- to'^'the activity .of the, .parent, £l^^igai£ leant decay of the 
parent the fol'lowingr equation applies: ■ . ; , '' .. . / 



Ag =. Aj_ e . 



An example of setfular equilibrium, is the decay^of Sr + Y 
<e 2. ■ TeaWslent.i|B|uillbr,-iumi... ' . , '' 

In transient equilibrium, the half\llfa o^; ,the parent Is linger than 

-that Rf Che daugh.^er.,..^ut cat^pot be considered Infinite. In a -freshly 
' purMed pare^rtractioAT' tHe-dkiighter. activity.- buiWs,;up, then decays 
, with the .same half -If fe as the parent. This relationship is illustrated 

in Figure 111-2, ■ ,, ■■ - 
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; Figura III-2 . --Parent-Daughter ,Rel4^ionship 
r ^ in Transient Equillbriuifi"::^' ' " "-v 



. Note that the daughter activity is/greatar than that of;, the pararft' by' 
the factor . >. . ■ . v^v^ ^ 



An eKampa'^r6^^^ the ' decay 'qf-^^ Mo to ^^^Tc, 

3^- No Equilibrium: ; Ki > Xg ^ ' ^ ' ^ ^ ' / 

Hare tha half -life of thi parent is vsho.rter than ;that of t}ie daughter 
and no eqUliibrium .condi^on .Is reaShed . The relationshi 



and daughter,, in^ this.ca^^ is ""as s^hown in Figure ■ III-3. 

Tetdl ^Aetivity 

By {|d-up and Deeqy bf^Dayghter 



of the parent 




Z 4 : 4 8 : 10 14 
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M FiSwa ;JII_:-3V- -Patent -Dau^^ 

likkt^i Nor^Equt^torium Exialt s'^' } ' ■ 



" ....... 

VI.' SUl^RY —.'1: " ■ ^ ■ ' . ' ■ . 

Tha most wldal.y used unit to express a quantityVof radioactive matarial ^• 
ris th^cu-r.ia or some submultiple of the curia . \ Radioactiye d^cay may .^^^^^ 
: cilc^lata4 'or graphically :determiqed if the half -life of the matarial ^bf; > 
-:ihteres[t "is^'knoOTp ^ Patantrdaughter , relationships are rathar. complicated 
.tq^.e9m^ut■e/^:b^t^;.maSr; advantage of equilibrium 

,*iCohdltibns whicli^rvmay =e3£-iatCt s ' '"r^^^tj^v v* . . ' . ' 



^28 " / Units of' Radlpactive^ Decay 'and the Decay Law- 
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CHAPTER IV 



NUCLEAR REACTIONS 



INTRODUCTION 



A nucltde may be changed into another nj^cltde (a phenomenon known as 
tran-imutatlon) by bombarding It with charged particles., neutrons or pho- 
tons* This process is important, since the product nucleus of the re^ 
action may be rii^ toact ive and the secondary particles given off may 
cause other ri'actions* Many radionuclides used tn nuclear medicine are 
produced by this mechanism, 

II. NUCLEAR REACTIONS WITH CHARGED PARTICI^S AND PHOTONg 
A, Coniponents of the Reaction 

The initials intermediate, and final steps of a typical nuclear reaction 
Involve five components, as shown below: 



Target 
Nuc I eus 



Bombard Ing 
Part Ic le 



Compound 
NucLeus 



Produc t 
Nucleus 



Product 
Particle 



EKamples of, a bombarding particle or projectile are an alpha or beta 
particle J a gamma photon, a protonj or a deuteron. Sources of these may 
be fission, fusion, radioactive decay, or particle accelerators. 

The target nucleus may be any nucleus ranging froin that of the^ lighLe?Ht 
atom, hydrogen, to one of the heaviest, e^g., uranium. 

The product nucleus is the nuclear species formed as a result of the 
breakdown of^the compound nucleus. 

The p r od u c t pa r L i c I ^ nia y b ^ ^ y f the & u b a L um it pei l l i w 1 e s . Mu l t l 1 1 ei 1 1 
one product particle may be released. 



The compound tiucleus, cuiitainin^ Ltie l^l^^l niiwiteiii* ^lij^ Lbs- b 



win b J L 



a ii 



particle, exists for only 10 secotids or less. During this liftfLimej 
the excess energy of the ^ctit=le is disLributed iliroiighuuC the nuci^uH 
and the i incident particle loses ils idetitiLy. ilie fiieLhud ut bLj^akdown 
of the compound aucleus depeud^nL only un Lbe e^^cti^s eii^rgy cuuLaiucdj 
and. not on the luethod ot f k^ciua t i un , U is in l e^L a l i uu ut t lie compouud nuc- 
leus dltfers t L" om rad iQa<= ttv^ decay i[i two ways : (1) Ih^ litetiine ot 
th& compound nucleus is always t?xtr,^mely short; £iud (I) pro tuns are not 
converted into neutruns aad neutruus are not couverLed intu proLons dur- 
ing the process of change. 



Compound Nucleus Format 



ion 



The 



extent ut nuciear iiiLer^cLiou Jepcjiiti^^ uii ib^: iiaiuie ut lUw piuj* 



tilej, its en^tgy, and the material being bornbardwd. 
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Nuclear ReaeC ions 



Positively chatged particLes must overcome a pocenclal energy barrier 
due to eleccrostat Ic forces of repulsion before they can react witli a 
nucleus. This repulsive force is proportional to the charge on both 
th# target and projectile, and the greater the charge, che greater the (.^ 
energy necessary to overcome the barrier p For this reason, reactions 
occur most easily between projectile particles and targets of low atomic 
number. 

Beta particles and photons interact primarily with electrons and are 
thus more effective in bomarding a nucleus having few, orbital electrons, 
i.e., of low atomic number. Since these projectiles can offer little or 
no mass energy to the compound nucleus, they must have kinetic energy 
greater than the binding energy of a nucleon (proton or neutron) before 
a particle can be ejected from the target nucleus. For this reason, 
transmutation by beta particles and photons of energies less than 5 MeV 
will occur only in'special cases. At high energies, these pr J ec t i 1 es 
can cause many transmutations. 

C. Conditions for Decay 

Three Laws may be applied to most nuclear reactions involving energy 
changes of less than a few MeV: (1) conservation of mass number, 
(2) conservation of atomic number , and (3) coLiH^rvaL ioLi ot energy. 
These laws simplify the writing of reactions and Lhe prfc^dictiun uf 
possible products. 

For the mass number to be conservej^, the total nuinbei uf nucleons iu- 
eluded in the system before the reaction munt equal the total number 
after the reaction. 



For the atumic numbei to cunaeivedj tlie iiumbet ut ptuLuns lu Liic 
system muni remain con^Lant. Thus, no protons can be changed into neu- 
trons (as in electron capture) nor i^au any neuLruas bt^ changed iatu 
prutLUis (a.s ill bejLa Jc^-^y) . Iht: LuLeii 
c on H t a n L . 



J e r u f n e u t L u ti s a I ^ u r eiiia i up. 



Luu^^ t E s/a L 1 vMi I eu, 1 ... ^ ^ i i 1 UiUL th^ t 

tht' equation muc.c equal that on the other 
fiia n tiui y t) e l i hi v i L e d i 1 1 L u c 1 1 e i , i 1 1 e l^*^. i 
1 gna L ed A h : 



. t u i . 
Sin. t 

it being 



in a 



n u ^. 1 e a I r e a * Li. 





K 1 L 1 ». 
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fc^ufcirgy 




Luc 1 g / 






,i ... n > » 






Will i ^. uia 




V ) 1 



i I 



J. t. 1 .k I t M , 1.1] 



servatluii uf total t^nergy: 



f L the a p p 1 i 



14.003074 + 4.002603^ 



1 LJii of t h 



» I 1 ! I > i J' i 



6.999133 + 1.007823 
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■ . ' Ani = Mass - Mass 

pruduccs reactants . ^ 

4m ^ 18.006958 - 18,005697 ^ +0.001261 

'AE = 931^^ C0.O01261)amu^- 1 .17 MeV = ' ^ ^ 
amu 

Since there is a gatn in mass, =1,17 MeV of excess energy must be supplied 
to » produce this reaction. If atomic weights of the target atid product 
nuclei are used^ such calculations will be accurate only if atomic 
weights are also us^d for the bombarding and product particles. In this 
way, the total mass of the electrons on each side of the equation bal- 
ances out * , . , 



III, EXPRESSING NUCLEAR REACTIONS 

Several shorthand methods can be used lu Indicate uucl^ar r^acLtuiis, 
The reac t i on J 



can also be written; 



Sinc^ only thre^ u£ the fuur pruducLs etiid r^auLcinL^ uf^gi reeicLiun are 
necessary to balance the equ^tiunj this rciactiun ^guld also be designated 
by : "^^Na (p jn) . 



IV. TYPICAL KEAlJTiUNri 



Ut-peiidiu^ uv\ Ltie energy uf Lhe bumbai d i ug pat Lit. le ^iid iLs p rubeib i 1 1 L y 
of interaction witH a target nucleus ^ nuclear reactions can be classified 
ii\ a number uf way^s. Thes^ reactions are general and uaiuiuL be assumed 
tu ut.wur with tiny patiiculat target nuLjlesiS. 

bfc* r A L / p i t. 1 dxa,,,ple is; 

p a r L 1 C I e 3 lU . , y be e m i L t e J it L i . d p r u t u n e » i ^ i ^_ y 1 . s c v t £ u 1 U , , J r fc d 1 1 V 
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At%high energies i (d ^n) or (6,0) reactions may also occur, 

C. Alpha-Induced 

A number of react ionl',6f the (ti^jn) type may occur if the target nucleus 
is' an element of fairly low atomic number. The reac t ien j 

4 Be + g He * g C + □ n , 

led to the discovery :t the neutron by^ Chadwtck in 1932. This reaction 
is now a common laboratory source of -neutrons j the alpha particles being 
supplied by a radionuclide such as p.olonium or plutomium; Multiple par^ 
t icle , emiss ions i such as (aj2n), (»j3n)j and (^jnp)s will occur when al- 
pha particles of very high energy are used as prbjectiles. 

D. E lectrori-Induced ,ibeta particle) 

An example of a reaction of this type Isr 

J^t i's intereattng tu nute chat the electron dimply pruvide.^ energy for 
the reaction while passing through or very near the target nucleus. A 
number of nuclear transmutations (ur excitations) are possible with tiigh 
energy eieccrona- 

*Phu tun ^ I nduwed 
I 

The ful lowing are two examples o£ (y^^O re^^.Liuiis, utLeii mailed "pboiu- 
disintegration" : 



1 H 

artd 



The t a L ^ .4. t i .j^^^ K.^^d ... ...MJ. »»L ^ L lit; u*..^S . t t I. ..^u t . ... I 

doliJhaber ai\d ChAd.Ack in 1 Many .iddiiiunal t . atua.^ait a t i uii 



t ij^ui L .... 1 .1 
p r o p r L i e s . 

I . t U p i I i ■ -> " I . i e k * t t ' ' M 

r- 

uf u, and c±ti £iL,.mii. niei^^ ut I 00u6ov ai.ti, Bti aii^^u Iiul. uu ioL-LriL 
chdrgf^thei [it=utrun ^. an p^netC^Le relatival > easily intu a nuw. leua. 

J 

/J 
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Free^eutrons are unstable (radioactive) and disintegrate by beta amis- 
sion with a half-life of approximately 13 minutes. ' Th& resultant decay 
product is a proton* , ' 

= . • * .• ✓ - . ■ 

** 

NeutrQn radiations are classified on the basis of their kineyic energies. 
The most probable velocity of free neutrons in various substances at 
ordinary room temperature is approximately 2200 meters per second. Their 
kinetic energy may be calculated from the equations 

. . ^ E - mv^ 'I 

where; m ^ neutron mass in grams 

V - neutron velocity in cm/sec , 
Substituting; 

^ ^ ^ (Ufe6 A 10'^^ gm)(2,2 A LU^ cm/^ec)'' 

- 0.025 eV. 

NtuLruns wlLll Ltii^ average kineLlw ^a^L^y aL liy aLe- Ldiiud thgnilgi i 

neutrons. Epithermal , or slow neutrons range in energy from 0.025 aV 
to 100 eV. - Intermediate neutrons range in energy from 1 00 eV to 10^ eV . 
Fast neutrons possess energies from 10^' eV to 20 MeV . Relativistic 
neutrons have energies in excess of 20 MeV . 

C I a B ^ 1 £ i d L 1 till neUtrOliS accord lug Lu kiucLli. cUuL^y Is iiUpuilauL 

fruni twu standpuitit^ ^ (a) the^ Interkctiun uf nc^^utruna with the nuclei 

of atoms differs with the neutron energy, and (b) the methods of pro- 

dut^ings detfeiGting and shielding .against tiie various ciasses o£ ueutrMiis 
are different, 

UtiteCLluil of U^iiLj.v>u^ Lt=iaLivtiiy ditllt. uiL^ Uut lIi*^ lut. U ot l.Jiil 

zation alung their paLhs, negligible response to e.. t na 1 1 y ^pp 1 ied elec- 
crlc, magnetic or gravi ta l ional fields; and %he tact that they inteiact 
^iuly with dtumic uuclei, which ate ^-xc tf-ci J 1 iig 1 y small 

K^^Il^Li^/t^ i.^|i>LtiL^ Wi L 1 1 ^ .lUUUa ^hi 1 ^ i . ^ > i i9 t 1 ! V. 111. . ^1 I . sJis..,, . til i ^ ^ ^ < L i . , . 

tion for ..low (thermal > neutrons* TtiiS ^.n^^ cea^tion OLten ieb.,lth iu 
piuduCt niiclei which ate radiuactlv^. For ^Kaaipi^i 

ihi^ uf cuiivtiLting a stable nucleus t^ iCb iadlwa*^. Live cuuuLuL 

part by neutton bumbardmenL is calli^d "neutton activation.'' Han^ radio 
nuclides used iu nuclear tnedicine are produced by this pruce&s. 

A second type of general reaction Is that giving rise to a charged 
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particle. Typical examples include ^n,p)j (n,d)j and (n ,a) reactiony, 
l.e,j reacCLons in which a pro|ron , a tieuteron, or an alpha particle is 
ejected from the target nucleus, 

A th'ird type of neut ron -i induced nut:! ear reaction is fission, Fis^iion 
occurs following the absorption of a neutfon by several of the very 
heavy elements. When ^^^u nuclei undergo fission by neutrons, an average 
of 2 to 3 neutrons are expelled from each nucleus along with associated 
gamma radiation. Each nucleus splits into«.two smaller nuclei which are 
called primary fissidn products or fission, fragments, and these products 
usually undergo radioactive decay to form secondary fission product 
nuclei. As an example', if one neutron fissions a ; " U nucleus , it could 
yiald yttyiunT-9S, iodlne-139, two neutrons, and fission energy. There 
are somef 30 c^i^f^r^f^t ways that fission may take place with the pro- 
duction of about 60 primary fission fragmfents, These fragmejits and the 
atoms which result,, from their decay are referrud to a.^ fission products , 
and they number between 400 and 600, according to the type and number 
of nucleons their nuclei possess. 

Many fission products hav^ found ap^licatiun in ii^dii^ine, induct ry, and 
research, A well Icnown example is I which is used extensively in 
medicine as both a diagnostic and therapeutic agent, 

i 

The fission pruc^sb is rhe ^uurce uf eti^rgy toL nuLieicii l^^»^liuiis aud 
some types of nuclear weapons. Also, neutrons generated from the fis^ 
sioning of the fuel in a reactur are used to activate stable materials 
to a radioactive form as previously discussed. Many radioisutopea used 
in nfedicine are produced in this manner. = 

Neutrun ^cacterin^ y be lisLtiU a^ a CuutLii ty^^t. *jL ^t^m^ l a i l a.*^ l i kjh 
Scattering of neuttons by eieistiw ot inel^aLit: cuili^siun i** ttie princi 
p«l mechanism of moderation or slowing down of fast neutrons to thermal 
energies. Scattering of neutrwne is nut of, gMneral interest in nuui^^i: 
medicine and will uut be di^cLis^ed hare in detail, 

Kedwt Lulls ill Ll.^l^^l^ai ayyLtlUS 

Fast [ 1 e u t f □ n S 1 u ^ ^ e 1 1 ^ y in 5 w £ L L i o ^ u lu .a 1 r » 1 ^ L . ^ i ti , i v 1 ... . t i . . & 1 » i ^ 
with hydrugeii uut= 1 i . Thw. hydtugen nuolfci dtc i tiertiSe 1 ve & b.. dLlered in 
the j^ruLe.^s aiid beL_iisU^ ret...il pruLuiiH whit.U wdiise 1 uii i z d L i uii , 

S 1 sy ,IU ^ 4 t ^ > . . > . .-i L ^ . J t . » t 1 1 . i ..wit t 1 w» a llt^ ,* nd 1 V- 1 . .* ^ ^, i » I 

pciu> ipdl uit c^, an i -^tn^ ; 



^ It I ' Li ^ ' B^' ' i ^ 66 t 
The ^LiiUiUti aiui p L > , L M 14 ciiit. t ^ 1 e luay ba -.1 L . . i L J in i ha L 1 ^ .» ii ^i. . J 

ceiiular damage. 



V. SIM4ARY 



Whanever charged partlclesj nedtrons and photons, are a.ble to penetrate 
the nucleus, transmutations may be caused whicji often result in artifi- 
ctal radioactivity; The bombarding projectile can be a neutron, proton, 
deuteron, alpha particle, electron, or gtmma photon* Such bombarding 
particles may originate from other transmutations, radioactive decay, 
fission, fusion, or particle accelerators, As a result of the inter- 
action of. the projectile and target, a compound nucleus is formed, exist 
for an instant, and then separates into a product particle and product 
nucleus. Three laws govern these reactions; (1) conservation of mass 
number; (2) conservation of atomic number; and (3) conservation of total 
energy* 



SUGGESTIONS FOR FURTHER READING 

1. Lapp, E,, and Andrews, H. L,, N_uc_lear RadLation Physics , Prentice 
Hall , Inc . (1964) , chap. 1 1 . 
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CHAPTER V 



INTERACTION OF RADIATION WITH MATTER 

I~ INTRODUCTION 

All radiation possesses energy either inherently, as in the case of 
electromagnetic radiation ^ or kinetic enargy of motion as in the case 
of the particulate radiations. Absorption of radiation is the process 
- -cf transfarrlng this* enargy to the atoms of the medium through which the 
radiation is passing. To say that radiation interaccs .with matter is to 
84y that it is either scattered or absorbed. The mechanisms of absorbing 
radiation are of fundamarital Interest in nuclear medicine because 
absorption .is the principle upon which detection is based, The transfer 
of energy from the emitted particle or photon to atoms of the absorbing 
material may occur by several mechanisms, but of the radiations 
commonly encountered ^ the following two are the most Improtant: 

1, Idnizatlon - any process that results in the removal of an electron 
(negative charge) from an atom or molecule thereby •leaving the atom 

or-^ molecule with a net positive charge, 

2. EKcitatlon - the addition of energy to an atomic or molecular system, 
thereby exciting It from Its ground state to a higher energy state, *De- 
pending on the type of interaction, either the atomic nucleus or one of 
Its orbital electrons may absorb the excitation enargy. 

Ordinarily, the atoms in a material are electricaliy neutral, i,a./ they 
have exactly as many negative electffons in orbit as there are positive 
protons in the nucleus. Thus, the net electrical charge Is zero, Radi-^ 
ations have the ability either to remove one or more of the electruns 
from their orbiM or to raise the orbital electrons to a higher energy 
levels In lonlaatlon, an atom carrying an excess of positive charge ; 
and a free electron are left behind. In electronic excitation^ the 
axclted atom may lose its excesa aneigy vacancy created in the excitation 
process^ When this occurs, the excess energy is liberated as a photon 
of electromagnetic radiation which may undergu other absorptive processes. 
Nuclear excitation is of significance unly for neutrons or othei 
raddations of relatively high energies. A discussion at the types ut 
radiations and their Interactions might couvenlently L^e divided inco 
four main categories* 

1 ilEtav^ ^ pua 1 L 1 vs I y Clia l gsd par L 1 ^ I g a ; AiphtJ ^iLlt. les, ^* l ^} i . ^a:^ ^ Jt:a 

tetuns, and tritons exhibit similar mechaiiisms uf interaction with mattei . 
Alpha partluies will be discussed a proLotype uf Lhls group. 

^ b^tgl p^LL lu^i^a . BulIi pusiLL'UliS Aiid elet.LLUiis tall iiiLi^ lUiia. t^aLtgwiy, 

Th^ have equal masses and equal but oppuslte ahargeSj and uheretore lose 
their kinetic energy by slnillar mechanisms. The electLon is discussed 
as the prototype of this category. 
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3. ElectromagneClc radiation ! This group tncludes both k and gamma 
radiation; however, since these two radiations differ only in their 
origin and not in the mechanisms of interactionj only gamma radiation 
will be discuseed, 

Neu t rons \ The interactions of aeutrons were discussed in chapter IV, 
and will not be Included in this chapcer. 

IX. ALPHA ABSORPTION 

An alpha particle is made up of two protons (posicively charged) and two 
neutrons, all strongly bound together by nuclear forces. If such a par= 
tide approaches an electron (negatively charged), 'it Experiences a 
strong electrostatic attraction, whereas if it approaches an atomic nuc^ 
leus (positively charged)^ it will eKperience a repulsive force. Alpha 
particles have a mass about 8,000 times that of the electron, Thgy are ^ 
ejected from the nuclei of radioactive atoms with velocities of the order 
of 1/20 thf speed of light. All of these properties =- its large mass, 
its charge, and its high ve loc i t y - -make the alpha particle an efficient 
projectile wij^en it encounters atoms uf ari absorbing material. In other 
words, it would have a high piobablllty of interacting or colliding with 
orbital electrons and atomic nwclel. ^ 

* ' -. 

'When speaking of "collisions" between subaLuiuic particles, it is under- 
stood that the particles need approach each other only sufficiently close 
fof their fo^rce fields to Interact, Such an Interactlun may then be re = 
ferred .to as a collision. Some collisions result in ionlEation and/ur 
excitation. Since a finite amaunt of energy is required to ionize or ck^ 
cite an atom, the kinetic energy of the alpha particle la gradually dls^ 
sipated by such interactions until it captures 'two electrons and seLtles 
down to a quiet existence as a helium atom. 

Due Lo Lhe high ^prubabiliLy ut interacLiun UeLweeu ^ii alpha paiLicie 
orbital elect runs of the absurbing luedliim, a lar^e number uf luu pairs 
is fonned per unit of path length of the alpha particle. Aud since a 
fraction ut the kinetic energy of the alpha particle Is l^^t 114 forming 
each Ion pair, alpha particles lose their euergy ovei a relaLivs^ly short 
distance. For these reasons, trte range of alpha particles is much less 
than the r^nge uf other types uf luaizitig tadieiLiuru A aiugle ^hctit uf 
paper Is sufficient ty absorb all alpha particles eniiLtt^d froiu most 
radionuclides. The alpha particlu is, in suauuary a tiighly iu^Ad^iw^, 
weal^ly peufetraLing type ut radiation. 

nr. BETA ABSORPTiuM 

Th e rest ma Ss of ^ be La pa L L 1 1 i o L h «^ s tiii.c- ^ 4 I . .1 i l -..^ , i t i i . . 1 . 

tron and, hence is mucli l^ss ttian tlie nicjss ol tit^ nu. lei cii tlid at ins 
.making up the absorb In^med lam . Since beta pdrti«^lfes and ukbital elec = 

trurid tiave like charges, they experience an e lec t rus t ^ l Ic repulsiuri when 
* in Che victnlty af one auother. But a beta parLidfe has a uharge 9hP^ = 

site to chat on the atomic nucleus, Lh^refyie an e 1 e w t ru& ta 1 1%^ a ct rac 1 1 ..^li 

will be experienced as the beta appLoaches liucI^us, 
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These faces are important In undf rs cand tng the interactlbn' bacween the 
beta 'radiation and che atoms in an absorJDing medium. For example^ con-- 
siderlng only the mass relattonship between, the beta part Id Tes and the 
orbital electrons , one might expect that the interaction between two 
electrons is somewhat similar to thfe collisions between billiard trails. 
Actually, a beta particle may lose alt of it^s energy in a single c6l- 1. 
lision with anather electron. In such an interaction, the target elec- 
trpn can itself becQme-an ionlEing particle. 

Normally, a ^eta particle loses its energy in a large number of ioniza- 
tion and ^xcitatloii events in a manner analogous to the alpha particle, 
Due to the smaller size and charge of the electron^ however, there Is a 
lower probability of beta radiation Interact Ing in a.^^ven- t^hickness of 
material. Consequent ly 5. the range of a beta particl/e is^ 'cons iderably 
greater than that of an alpha particle of ^mparable energy, 

Slnc^ the electron mass is small compared with the mass of a nucleus^ 
large deflections can occur in single collisions, particularly ^hen elec- 
trons of low energies are scatcered by high atomic number elements (high 
positive enlarge on the nucleus). As a result, a beta particle may have 
an interaction with an atom whlcti results in ttie production of x rays, 
A high energy beta particle may penetrate through the electron cloud sur- 
rounding the nucleus of an atom and eKperience the strong electrostatic 
force of the nucleus resulting in m change in velucity and the emiaaiou 
of an X ray. Such k rays are referred to as '*brem.ss trahlung radiation.*' 
It becomes an increasingly Important mechanism of energy loss as the ^ ^ 
Initial energy of the beta particle increases and the atomic number of 
the absorbing medium increases. As previously pointed out, most alpha 
particles from a given radionuclide are emitted with about ihe samt' en- 
ergy. When beLa^ are emit Led, the Lutal kiut-tic etieL-^y invulvcd in the 
decay of the radluactive atom Is div^lded between the beta partlcie and 
a iieutriiiu. 'i"he lieuLrinu has ^^eru chat^e and ue^liglblc iuass . IL carrie 
away a fracLion of the totil kinetic energy available In every beta dis- 
inter tei t i t.Hi . rtiereturt;^ the bcLd patLicleb f i um ^ givtu. r ^d i lj iiuc 1 1 d e aie 
eitjitLed wlLh ^ specLruni ..f e.ier^ieiS v drying 1 1 utu pi t iCiii 1 I y '£.t^ii.> up in 
SiKtiiitj !iia/v intuiii eiier^y wiil^li is w ha r ac L t 1 b L 1 l Usfe l ei d 1 unu c 1 i d tj 

1 V uA^L^LA i N I t.HAC i IONS 

i n t i a c I i u u S ^ i e J i a C U S . e d L e . e In li . l. . t J & L d 1 ] 

^1.4^.^ ^ jumi=4 J I , , . I . i ^ i > .1 V. I . ill J , , ^. i , t > ^ .4 , . 1 J M. . ^ . . . . . 1 i I u 1 U J . , I 

they intetat.. t eiectiiwaliy ^i^h .t .dia Lu , , i . c 1 on 1 ^ j l , a ev 11 t iiou^h 
Lfiey pO&.^cas i^cL elut^Lrical .liai^t; ifitiLe dtL Lv^elvej knuWn y i y^^. tSHtf ia 

by wlIlJi gam^iia 4ay^ inLeL"tfL,L ma t t , I H^njevc. , the t h f e e L im 

porta a int era^.. t ion. ate tt>e ph^j L > .e 1 ec t l i , ettect, the ^ , jinp t kju etf^^cL^ 
and pa i t production. 

s 

1 h u. p U w L >.j. e i ti L L i ^ a t I «^ L J , 1. 1 . . i , , * I d ! , 

Interact with hign atuml.. numbet abtiu.butd 



i'he ^dihii.j i^y, 'i~ phutun. 
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imparcs all of its energy to an orbital electron of an atom and the pho* 
ton vanishes." Thus, che process may be constderad as a complete energy 
loss process'/ In; orde.c for, momentum, to be conserved, another'body must 
be present' so gamma photons can not interact with frae electrons via 
the photoelectric effect. Most photoa lac t r ic interactions are with K 
shell or tightly bound electrons. 

■^'e gamma photon energy is imparted to the orbital electron in the form 
of kinetic energy of motion^ and this greatly incF^ased energy overcomes 
the attractive ^fo^ce of the nucleus for the electron^and caus^^s the elec- 
tron to be ejecced '&rom 'its orbit with considerable velocicy, (See tig= 
ure V-1^,)^' 

The kinetic enargy'^^^of; the ejected eiectroa (called a\ phptoalactron) is 
eKpressed as * 

where KE - kinetic energy uf the pho toe 1 ec t r on 

- ^energy of the incident ganuna phuLoii 
* • -7 - ^ . 

W - binding energy of ttie^ el ec tiun lo the nuclei. s of the atuni 

For most photon energies. of interest in nuclear medicinej W is small in 
relation to E^except for high atomic number absorbers." - 

When the photue lec t run is ejected an ion pair r^^Lilts. the photoelec- 
tron may have sufficient energy tu lonlEu other atoms thus producing 
secondary iun pairs until all ot iLs energy is ekpended. After tlie phut^^ 
electron Is ejectedj the vacancy in the electron shell is filled wi^h an- 
other ,e lection from an uuLer aheil. Th^ excess energy is tduiiLted in Lhe 
form of one or more characteristic k rays or an ejected outer orbital 
electruu, knuwu as ^n Auger electron 

ihe LvjihpLoU c-fte--L i the J utfi 1 Ua . 1 1. iulLti. ti.-u w1...m 1 1 ^ i , i ^4 la i ^ tu^. 
ganuiiab inteiact lu lu,, dL^.4Il^c numb,.t absoi'be^ ...a'teri^l, ih^ Ciuiu^iLun ef 
fecr re^ultH in th.. Lt^n^ter of Otlly pdrt of ihe eiiet^y the IntiumjL.ng 

gairmid ray to the abst>fbing niE^dium, i he eiteL.L fujy be cuua id er^d an_ 
ineld^Lic. ii.cuhcfrenC sc^tLering tlie lays b^ ^i.^iui^.. ^A^^iLun^ A^dii. 
the gamma Lay interacts with an orb 1 Lai elecLruii, biiL in the t;as& ^.t 
Cuiiiptun. i a L e r L i tjil^ , Uiily a part of Lh.. eUei i^ Lransietrt,d Lu ttit: 

elecLroii, d i\d anuthfer ganirii^ lay of IwWt-i eufeigy Ltiau Ltie priiuaiy ,<nfe ly 
enilLLed. (rieu Kigui c V ■ 2 ) 

rht? h I ^ti w e i i L y e 1 ec. C i MU , 11 w^. k t= £ t t . . as .4 U.'M, 4' I i. t 1 I I . , > , pi o- 

duuws set^L-ajdary iuii 1 ^a t i *.ju in ti.c sauie tiiMiuiei duey pfuj l ue 1 e . L i on , 

and the weakeiied^ ^aimna ray ^ c^iileJ a s^.^LL^reu pi.uLon, cuntlnues on yn- 
til it iuse^ niovt^ en^r^y ii\ dnothei k.omptun inLeractlju or disappeais 
compleiely via the phoCocle^. trie etrect. A ganuna phoLuii may uiidergu 
several scattering events before it ia finally abaurbed. 
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■ ;Flguri \f-2j--Compton iffeet ; 
(iriMriiy Mediuni-Energy Photon); 
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; Comptbn scattering ^ Involves the oUter brtitfial electrans of art atom "and ; 
.does not produGe character x rays except in very special easee. 

^ Theoreticaliy, th"a Coinpton elec may receive any amount ' o£ energy up 
to a maximum value which is called- th,e Compton edge*- ^ . . 

^ ' ; ' ' Comptpn edge^^ .E^ ^ — - --^ ' ^ - , 



! where. is the /energy of the primary photon,^ > : V 

The/ remaining energy ii, carried, away by ; the scattered -gannna photon. The 
variable energies of the Gompton electrdns give rise to th# ■■Compton 
con^inuum^* in scint illation counting* ' ^ ' _ \ = ' 

"3/ fair production ■ . ■ " " ^ ■ ^ 

■Pair production pr^dgmlnates; wh photoris interact. ^ 

with- .high atomic number: absorber mat^lals * Pair prpduetlon^ is impbs- 
sible unless /the ;gaiOTa ray posserf^^^c leasl l;02 Mey of energy (twi 
the mass energy of an eleotrony. Practically speaking^ it does not be- 
come important until 2 MeV, in most absorbers. ■ 

In pair productipny a gairana^: photon staply disappears j.n the vicinity of ■ 
a nucleus* In its placey a pair of electrons apptars — one. nfegatiyej one 
positive (called a positron ) . The principal function of, the nuclei is 
\ to allow conssrvation of momentum when the photon transfers its entire 
energy to the recoil particles , The negattva and positive eilectrpns are 
produced in order to conserve charge, Masses of these electrona ' 
hav« been created from the drier g according to the famil^ 

iar ElhaCfeln equation E -^ m^^^ where E is energy vin ergs ^ m is mass in 
grams, and c is the velocity Vof;llght in cm/sec. Any photon energy in. 
excess of /the. 1.02 MeV required to create two electron masses is simply 
shared between the two electrons as kinetic energy of motion, and the3r 
are ejected fr(m the: atom with high, velocities ; ■ . : v 

In most instariceSj^ the electron arid ppsltron lire ejected from, the nuc-. 
^eus predomlriantly in the direction of the incident photon, especially 
when the photo^ energy s and hence its momentum^ are very, large. 

The riegative^ electron behaves in the ordinary way, producing secondary 
ion pairs until it^loses all of its energy of motloh. The positive elec- 
tron also produces secpndary ionization so lortg as it Is In motlonii but 
when it has lost its Icinetlc energy, it encounters a free negative elec- 
tron somewhere^ in the material. The twd; are attracted by their opposite/ 
charges, and, uppn contact, annihilate each other ^ cdnvertirig the mass^ 
of each into pure energy. In order that ^ergy and momentiim again be 
conserved s the annihilation energy appea.rs as two gamma photoris of 0,51 
MeV each s emitted at approximately l|o® with respect to each other but 
randomly with respect to the incldent^ pho'jton direction. (See Figure V-3,) 

The average lifetime of .positrons in liquids .and solids is 10^^ to 10^^° 



! . ■ . '•"1,1! 



^AMMA'RAY 



• e- NEGATIVE ELE( 



GAMMA RAY 



' Figure y-3',-«Fflir Production; ' 
(High-Ineriy Ihoton, >AM:'M) 



0,51 MeV 
MA 




(t 

P . 
ft 

p. ■ 
0 



Q 
Hi 

rf 

0 ^ 



.570 



erJc 



Int eraction, o f Raaiafc ton 



'•'seconds^ yS^^ face of^' cWr annihilation garanas etcher photq-r 

electric ;Ja^sorpt ion j "Co followea photogleatttc ab- . > 

sorption, or ascapa from^ the material. ^ .i^lj. ' ■ 

j^igura^^^ 7-4'. shows the ftactidn of ;the total decrease in photon beajm .in-, 
-'^tenB i w ^hifih is due to each mode of Interaction for energies between 
10 ke Viand 100 /MeVs. ualng lead At, lev? ener- 

gies j. the'^.'photoelectric tnterajcfiions predominate^ at. IntJrmeH^iate ;eneif- 
; gies Compcpn .i'cattering is the most likely "interact ton | and at high -eri-' 
er'g^ies pair production is thefrndst Jjnportant.*/ The' ordinate .of the curves 
In Figure. y-^4j»»^ass' attenuation ffoefflcient,"' is /defined in 4fiapCer'^\XV 
under Shielding * Suffice here to say that the higher the mass attenua- 
tioh coefiicient\ the , greater is t that the radiation will 

interact in a. unit mass, of materials - : . ' - ] ' 
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Flgare- -^Mass Absprptlon Coefficients for.Xead. 



SUMMARY ' 



Alpha^ beta^ and gaimnaradlat ion interact primarily by ionizing and ex- 
citing the. atoms and molecules of . absorbing mfdia. Alpha particles are. 
higtily Ipnlzlng and weakly penetrating; beta particlss aire . Inter^ 
mediate In both specific Ionization and penetrating power; gannna rays 
are very highly penetrating with subsequent low specific ionlzatioh, 

Ganma rays interact with .matter by thiee major prdcesses | photoelectric = 
effect (complete energy transfer) j Com^ton effect (partial energy trans- 
fer) , and pair production (complete energy transfer with^, productton of 

■■■ • - ■ .-'i' : K 5^ . ; - :,■ - ; .;: 



:;^/ y4iS'- w^: V uV integae t iCadlatlohVWlth^Mattier • rf y 

' ;|:&nrtihilat ion phot Qrig^ photoelectric etfebt domiftEtes kt low '^gaOTna , ; . 

\ ^eiiergies and- hi^ atomic number absorbed? mi ter ptfe- 
V :*dominatesVat ; iftJtecmediate^^^^e^^ low atomia nt^er . absorber mate- v-^ 

tiaisjvind pair productibn' ii mDit important at.'high ,ener gleg ^^w ^' : ^ 

y- atomic/namber abaorher^mat'erW The rate' ot interaction of ganma rays ' "^.f; 

per unit ;masa. ii .dependent on the absprhing material and the gamma energy 

SUGGESTION FOR FURTHER READING V V / r' - • ■ ^ ^ > : 

? 1 , : Chaie, b\ > and Mblnowiti j JVL* , Principlei of Radioiadtope ; ^ ; 

. . ■ Methodology , Burgess Publishing: Co. (1965) , chap, 5- ' 

-2^- Co. - - ^ 

(1968)^, pp . > : " ■ ^ \ - : 

3'. Quimby, EtH* and Feitalberg^ S. r ^dioactive lioto^es in Medicine v / 
^ .and B io logy V Lea ^ and Febiger/ Vol/ 1^ (1965) ^ chap. 6, ^ 
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All methods 6f. detett^tdn are^^ai^ad on the ability of: y 
V4 ■ ionizatibri;^^ that is bodies from neutral f Corns and — = ' : ■/ : = 
mdl^cu'les , Radlatioa meislir^^int \friatEi^e^^ Vvarjr .prtiy in^^the fi^^dlum? in < 
= - whiclfethe--i^ 

which :fihAs,^ic^ : ' \ :^ . ' ' 

■ ^i^y At :pt&&%tL%^ "^^ev^ SLVm eighty major groups .bf radiation dgt^cforsX"^ . ; ' : ■. 

1, ' Gas ionlza.tiori • ■ . * ■■ ' \ 

, ^ 2r i' Scintillation nied^^ - , ■ ■ . : i* ' * , = ' ^ ; " ^ " r 

. " • 3, / SemicDnductbrs : ^ ■''■■\'\'::'' ^ \ * . ' , ' . > ' ^ v". ' /' -"^ ^ \ 

\ ^4,'. . PhbtOgraphic ;ot ^ V -v ' ' _ ^ ' / . : ' ^ ^ ; 

;;. 5^ Tharmpluminescenbe;:^; ■ ' v .\ . : f ■ -v. ■ . ;; : / / ' ^ ' . - " 

. ' f6» Chemical ;dje4o^ V ' / \ . - - . ^ r : , .\ . = - 

7. Radipphdtolart dp%icalj density -fte^ . ■ \ 

8..J: Calprimetry ' ' ' , ' \- : -'^^^ :■:]''■ \ 

: Before describing the. t^ of detectors listed^ it wiir be useful ,to; . 
, keep in mind , the functions or purposes thm dtteCCion, instrument must - jul- v " 
ftyil " Of; prime importance ;i^ thdafifvdetrectprs - v - . - ^ 

that can used in laboiat syateme designed for in' vitrQ , 
V in vivo counting applications. From the above lis t these ^nqlude gas i = ■ " 
ionization/ acinfcillations and semiconductor dete Thfe; rema'ining 

detector types /find; most applicat in radiation protection work^-^ 
' either persbnal. monitoring or area survey* ', V ^ ' 

II, GAS lONIZATIQN INSTRUMENTS / * ; ■ r . ; ' ; . 

Although scintillation detectors are more widely used irt nuclear medi- . v 
: £?ina' Works gaLs- ionization Inst r are discussed first = for purposes ^ ;^ . ; ; 

of illustrating ffiF principle of operatiOrt^ of a radiation detector. , 
.Analogies can then be drawn to other typies of detectors. : : , . ; ■ .n. 

' A^ .Regions, of Instrument Res ports e ^ . - 

If a yariable source of direct voltage' is , impressM across an enclosed = 
volume of gasj the rate of the electrical charge produced in the gas by a v 
constant source -of. radiation may be measured on an external metat-. As" 
the voltage is increased above Eero, five regions of instrument response 
.wili be observed^ as shown in Figure Vl^l. i> 



60 




ERIC 



Laboratory Councing Sy9tems--I, Incegral Couneers 



61 



Brlnelples of RadimtlQn Detecclon 
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Pigui^e Vlil. "Regions of^Efistrummt : Rd^ponse 



i 



1,*: Ragion\0f radbmblnatidn. ^ ' ; : ' . \ ^ S . ; V 

Itt the first regioni the > ions produced by thevMdjatioa will ;be under - 
:very= lo^ VpltaLga gradients, and^ wilj tend to racdmblne; ''witti*e othar;\ \ 
'ra thar : than migra t a tt^ the e 1 ec trod es and ba col lec t ed , Ifi i s r ecomb i- 
hat lorn of ion. pairs dacreaa as as tha appliad ^ voltaga is incraasad and 
f inally bacomas negligible;- i* a* , at soma : voltage the f laid atrength * ; 
will be suf f iciant to collact ;e the ion pairs that are 

formed. The. first region^. is. known as the region . pt recombination and 
is s with, dna or tw;© ^ rare ejccaptiqns , ; not useful fot the operation of 
radiation detection Instruments*. 



2*. lonl^satibEn chambar region ■ . 

The second . region coiranances at- tha voltage at which all of the. ions 
formed are col lac tad These ions are the primary ions resulting '^frdm 
the action] of the radiation* ^ The negative port ioti of the ion pair 
(electron) is accelerated toward the anode or positive ejectrodfe of the 
" chambers while the posit lye ion (irjesidue of the atom) is drawn more - 
slowly toward the cathode or negative electrode. For some large Iricrer- 
men t of voltage above the region of recombination^ there is a satura^ 
tioh.fiow of ions which is equal to the number of ions produced by the 
radiation entering the chamber. This second region of operation is . 
called the ionization chamber region, and provides the first of the = 
three opera ting regions for gas ^ instruments., 

3, Proportional region. ' ' c- 

.If t^e voltage is increased still further> above the ioniaat^ion chamber 
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region, ..the colleetlbri of ions inicrem#esHab^ the number collected in 
the .previous region? Ihis apparfeftt? anomaly (collectirig more ions t^ah ^ . - 
are forced by the .primairy radlationX is the result of the incremsing , 
,?^orae applied vto the elictrons migrating , to the anode c^f the chamber * 
' Whsn the voltage, gradient is suf flci^tly high, the electrona aGhleve ' 
a high enough velbcity to cause seqpndaryiortiEation JiSling gas. 

This secoi^dary^ ionization in an, amplif icatipn'of t^^ primary^ Ion 

■ current produfifed .by the;i Radiation .r Hence, ' iach pfcimify ipn ^ pair 'causes' 
a magnif ied pulse of current* The number of secondaiky ions produced 
foj each primary ion .pair formed "by /thevr callsd ; the gas . 
amplification f actor i As the voltage is raised She| gas arapllflcatiOTi ■ . : 
factor liicrfeased. Gas ^plif Icfftion factors, as high as 10^ or 10^ : 

• are sometimes *empioyed\ in region* The si?e; of the. pulse produced 

^- is prppojftiqna^ t^ appflied across :;th^;,ga^ 

of primary ion pairs\^fpn4ed. thus an' alpha particlie . jd:th its high^ ^B®"" ^ 

■ Clfic ioniEatioh will produce -a ittuch larger; pulse of currettt than will 
"^beta badiation with ^ its Correspondingly lower .specif ic lohiEatlbn,^ This 

makes possible the ?diicrlminatipn among radlatlori types that differ In ^ 
the produced primary ionization. Thisjproportionality of current ' 
pulse size to impressed voltage and tp ionization density results in? 
"the naming of tha'^ second region; of instrument bparationj, the region of : 
pro^ortibnality * Thenupper portion of this region where the alpha and 
beta burvesi bfegin to apprpach edch other (see; Figure VI=^ is ^reiBrred: 
to ;as the region .-of limited prbportlonality and it is not of gjdhi^ral 
!use in .radtation instrumentation, , . / > - ^ 

4* Geiger=41uellar region ^ 

with a further increase' in operating voltage abbye the regioa; of prbpor-^ 
tiohdiity, a further increase ih- This Isi^Mf A^^^ 

to the additiorial^acceleratiibri provided thife electrons, and results in a 
veritable avalancha of electrons around the anode ^of the chamber . Invil 
this operating regloni the counting, rate produced by the. avalanche is" 
relatively independent of applied voltage over . a limited range j and also 
is independent of the specific iohizatloheof the initiating partlclei or 
photon. This third operating region is callad the Geiger-Mueller region * 
Instruments, operating, in the Gelger=Mueller (Q^-M) region provide a gas 
amplification factor of as high as 10^^ * The G-M region is eKtremely 
sensitive to any radiation, that produces even one ipn pair, and conse^ 
quently, individual ionizing events can be detected* 

The positive ions produced in the G=M tube migrate to the cathode 
where their electron deficiency is satisfied; by the expass negative^ 
charge eKisting at the cathode* When the vacant orbits of the gas 
atoms 'are filled^ electromagnetic radiation is 'emittad* This radiation j 
which may take, the form of either ultraviolat or ; x radiation, tends -to 
continue the discharge action^ and so sustains the period during which 
; the gas is assantially a conducting medium* In order /to squelch this 
discharge action, a; secorid agent is added to the primary gas. The 
secondary ^agent , called a quenching vapor , usually consists of polyatomic 
molecules (such as arnyl acatate or ethyl alcohol) which, upon absorbing 
radiation, dissociate into particles not small enough to continue the 
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; avalanche" actioh; More recently , haiogen gases have^ raafiived wideap 
use aa quenching agents ,^ These ^^ave" the advarifiage that . tHssjiiolecules^ ■■ ■ , 
will jreeombW^ dissociation thus Increasing the useful life of the 

cletector,- ' ■ " 'f . ' ^ -"^ • . , / ■ 

5',' . Region of ^ corltlnupus dischiirge: ■ ^ ' ' ; ; ^ ' % ^ ' " " 

if. .the volt age. is. Increased aboVe the G-^M region, the gas arcs .thereby 
" producing . a state of contlriuous discharge . Sustained operation in this. . 
region may result in the. ruination .c£- the . detector . ^^^ . . - ^ . i U, v 

&• operational. Characteristics v ^^ ^ ■- ^ » : ' 

Of -the five regions of r instrument response, thire are .three that can be , 
lis&d f or: ispecif ic pUrppils 

i^ation chmiber: region jv^Videi^ low: sehsitlvity but^^^^^^^ range, sltice r: 
it meafureSi b^yithe prima^^viqniz^^i^ produced *^ Sensitivity: is delined 
as a. factor whlph is proportion response of -art; instruroent tb 

the . typ^ and energy of the radiation ^eing^ measured*; Discriminatipn . 
aiflpng the s.everpX types of \ radiation is usually Mt possible with lonlza-^ 
:, tio^ chambers except by use \of -exterhal abaorbers . Operating voltage . 
"fdr :ioiiizatipn chmber^ between - SO and 300 . \ 

volts, depand|.ng upon the size of the chamber "and the filling gae/ . 
(uaually air at atmospheric pre ^ " - . . . " ■ / ^ 

; Proportipnal Ihstruments . provide a high sensitivity due to their gas . 
amplif ication and a/ correspondingly .high range since= the secbndary : lori^ 
lEation takes plaice over onjy a pdrtion of the chamber volume, " Due 'to , 
the ppoportiotiarity factor which exis ts in this ' rejionj the instrument 
is infierently capable of discriminat.fng among the. different type.s..of ■ 
radlatibhV yproportio usually Vf 11 Ted with; frgbri, /methane ^ 

or a mixture Of the two^ although'' air is sometimes used. Operating volt- 
ages will range f rom 500 to .5 jOOO volts> depending upon chamber design 
and fill ing gas^ . - ■ - ■ .' ^ 

"The G-M region provides an extremely hlgH sensitivity and a correspond-' 
. ihgly low range due to the discharge dead time;. 1*6. ^ the time during ' 
which the gas is conducting and" hence is insensitive tp^ any further 
ionizing events ^ Because of the nature of the discharge in G-M. detect- 
ors it is impossible to discriminate electrohl the several ^ 

types of radiation. " Gelger-Mueller ehambers are usually filled with^.\ 
argon or helium and a quenching vapor at. lower than atmospheric pres- 
.sure and operate in tihe^ range of 1 ^GOO to 3,000 ■volts, ■} ^- ! - ^ - ^ - 

Each of the regions provides certain operating characteristics, as ,des- .r v- 
crtbed abovey which make it useful for one purpose or another,. "!\ T^ 
ization chamber region providing a direct indication of the number of 
tons produced by a given rad^atlon^ is eminently suitable for indicating 
cumulative eKposure or radiation exposure rate' in' Roentgen' units . The 
. low sensitivity and'.corresppnding high range of Ionization chambers . 
make them useful for measuring revels of activity much higher ' than . can . 
be measured with the other types of detectors, proportional instruments 
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find their beiV/use^^^i between alpha and beta-gamma . vt= 

radiation, 'while G-M- ins trufnentsCptovide. ^e^^^ seneitiyt. itidicatlng V 

deyic^i^s; f dir Wasurihg lo^-^ i^^^^ radiatipn* ^ ^Both the proportiona 

and tha VG-M' Ins trUments . are counters | J:hat is j. they . proviye . a pulse of , 
current fjor-'avery. particle, or photon that interacts^ within the^^chambemf. g; 
Ionization chambers ^may be- des igned*''aa\ ei Cher pulse cquriters or '^current - ; 
measuring !davices* ■ . / ; . ; . ■ / . ■ ' / _^ 

III. . l SGINTILLATION detectors h^. ' ^ . ^ - ■= ; : ; ^ / . / 

In ricent years one of the most fapiily' developing fields in rad^ation/^ 
detection ^^tistrumen that Involving "tWe use of scintillation / 

media* - Although' scintillation detectors have been tti use: since the .- ;. 
early 1900' s.j. the upsurge in their appl teat ion ocburr ^4 \ i early ^ 

TMSO^s'^f ollo^ing : the imprbv:ed design o£"^phocomuicrf;pl 

creased avalEabiiity of scintillation media. At present scintillation, 
detectors a^l- used more >Kta thah^any othVr type-in nuciear medi- 

' clTie labpra^y ies , 
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e of Operation 



The basic parts of. a scintillation detector, are shown ^^i 
The seniitive part of the detector is the phosphor*' ■ 
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Figure VI-2. --Scintillation Deteictor 
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Energy from the radiation is transf erred -to the phosphor via 
types of interafctions which Wre discussed previously. Some fraction of 
the transferred energy is re-emitted by the phosphor as. visible light, 
intensity of which is propbrtibnal to the amount of eneirgy which was 
transferVed from the photon or particle to the phosphor. The light is 
transmitted' thrQugh the phosphor to the- light-sensitive cat^ a 
photomultipllfr tube causing electrons to' be ejected from the cathode. 
The ejected electrons are focused onto the first of nine or ten second- 
• ary electron-emitting electrodes, called dynodes which are maintained at 
a positive potential with respect to the cathode A gradient of approxi- 
mately 100 volts. is maintairied between each dynode. the dynodes are^ 
shaped so that the' electrons ejected from one are focused onto the next. 



: The :fe^lectrona .Ajeceed'. firom. 'th&a4st, dyn^^ 

-r /and troughfe but of thi tube.as a- pulse ;pf,iiutreat^^ 

liinnbat^pf fiebt^ons /ij'e^^ given kyndae tb^tlig'n^^ 

from -the ptecedlng-^na ig^ eillifd jih^ Vsecdndary 'emlaglon 

. ^^^^?^f^8^?:;#^fe2. to ^ ■BeperWi^f VfinpT^^ 

^ energy M"?^tie.b electroii. Xhe ^cotai jnultyiliMt^ori 

vp;\. a^^ten dynode ■phqtdmultiplier. tuba then-, i^^^tha-seqori^ emission ratio^ -:^ 
raised^ to^.the 10th poiaer.,-r^^ z:'^^!^-" \ ' ^.^X, ■ \ \.. ^ : = ' ^ > ' ■/ . , ^ 

y :%B^ch-^B^^ tube /is proportional / 

■ : to ;|:h:e-light^ i^clde photocathorf#-,\;w^^ 

; ta; tha.^:energy t^arisferrad: from t Mdiation: to/ ^ ' 

latiop datea tors are well suited to energy 'spectrum analysda.. The use ' 
of. scintillation detectors In spec troacbpy systems is discussed in chap- 
—-tar ^^ITv" 7; V ■ 7 - ^^-^ — ■:: -^.r: -..^--v 7- - - - v -^r- ^ > ^- " ^-v;- 

^ B. Types of , Phosphors . / - ! ; ; ' ! / ' ' 

/ 1.' Inorganic crystaljs^ ■ ^ ■' - - ' - . 

/ Inorganic .crysjtml^ :in smos t widespread u^a as gamma-ray-^atectors.. / 
and comprise the majQTlty^^ detectors .used in : \ 

nucltar.medicihe laboratories^ Ttiorgariic/crystal-sclntillat ' ^ 

/ crystals d^^prganid salts , primarily the alkali halidfes, containing/ ^ 
sinall amount^ of impurities callajd activators which cause, the crystal 
. to scintillate; at room temparatures . ^ Tha/bnas 'mos t conpo 
. ; gamma datectors; are sodiuni iodida with small Vamounts of thallium- as the / 
activator (NalCTl)] and;/ on a : limited -basii,; cesium ioBidev also thalliiim 
\ \ activatad [Csr(Tl)]^ These materiars , particulariy Na]5<Ti) fe^chibit 

such desirable charac taris;tlcs as high density,^ high light dutput, £rtn^\ 
: - parancy j^ and suitable The cTystal is" carafully ^ 

grown in a cohtrolled environment with minute traces #f :the. activator 
V introduced during the gro^^ing process. The crys:tals^ are; encash in 

-light-tight cans usually pf aauminum or beryUiUm. so the photomultiplier 
tube views only the ,righ# produced ^^^^^ v 
crystal. In the case of Nal(Tl), which is hygrDscopic^ the casing alaovW 
seals out moisture fror^ the crystal , A reflector around th^^^cry^tal ^ 
serves to maKimlza the light collection by the cathode of the photomulti- ^ 
plier tube. (See Figure VI- 2.) ' . - ;. 

,; 2t Organic crystals ; ■ / . ' ■ ' . . / / , 

\ Organic crystals as. scintillation detectors have been used primarily for 
';countirig beta particles where the high atomic number .of the Inorganic 
^^crystals causes: excessive scatter ing of "the particle wi^^ the detector, 
;0f the many organiG crystals which have been studied the most/ 

.useful are anthracene and trahsstilbene. Organic crystal detectors have ^ 
,found- little application in riu^ medicine . where much work is done / \ 
with low energy beta amitters, carbon- 14 and tritium, \ Liquid scintil- 
lation detectors are better suited to such applications than are. or- 
.'ganic, crystal scintillators V 
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■ -'Thfe' nkea .t^ count ^ enii^y betaVpaitlcles ^.ro^ tri- 

tium' led to the developmant^of OEgan 
■„ ihe advantage of these bein^J^at; the '.sample ca^e 4issolyBd {orj inBcha|ic-': 
■"^ll/.saipertded). ,in::a solverifi,;fipntainlng the. organic" phosphor.. Hence ' ' . 

Ith^'atsiofptlbn -prShl^^ ' i' 

'' scintillation detectors Inciud^ piterphtenylr 2,5 :--«lphenyloKazp 

- ■ dni, 2,^5. --bis -, 2C5-t-Bulyl-berti0M^ ^^^''^"Ff ilf , 
r iti:;=tenerai:>^usfe artmatlc hydp$*cbons; or-varbm eth0 , - although: . -f^|,. 

ofiherr compoundsi'arimsed: ■ k ' 'tf ,' 

- llqutdfseinciaiators now cbns&ltfte a 

detectors In nuclear: medicine labor^tdrlei .. and ^e^ bipcheinica^, 
research applications. The use otjiquld scintillation detectors, in sys-|^ 

- :tems which utilize coincidence blrqaltry an^ tp .achieve . 

. low backgrounds; for; counting low-|nesgy . beta particlbs is .dlsc^sSed in i; 
: Chapter ;vilt. : - ' . ' — ^ - - " ^- ' ' . 

; ; ; 4. Other types: of, phosphors/, / ' ^ V : V • • ■ , 

' Other, sclntiliation media that hEve^^been used - as. radiation detectbrs / ^ ' 
•■ include plastic phosphors for beta counting and,, inpr.ganic powders which . 
are used primarily as alpha deteetPr^s / 'An jexairfple. of the latter Is zinc - 
sulfide powder activated with silver whirls coated directly on the . . 

■ glass envelope of a photomuljtlpller tiibe^or on a, .transparent material 
such- as lucite.. These types o£ detec|ors|^i^e not in widespread use in 
nuclear , medicine. ■ . ; , , fir,* ■ ■ 

' rv. .■ SEMICONDUCTORS ■; : ' i M-'' - ' :' ' ■ 

■ ■ ■ " ■ . ■ . ■'■-■■.'. " ■ - "'W ' ; ' .■ ■ ■ ! 

The' state of the art of semiconductor i-adiat;lon detectori has /advanced , , 
■raijldlv in recent years. . The most widely used types of semicpnductor 
devices are diffused p-n junction, surf ace barrier and lithium drifted 
detectors- Semiconductor detectors have sovf.ar, fpund most application, 
■. in'the Weld of particle spectroscopy, although , lithium drifted detect-^ 
ors are'now being used as gamna detectors/ ; ■ ' 

, A,. Diffused p-n Junction' ' . i",' ' , ■ . 

■ ^^-^ , ""V ■ ■ , - ■ '% . - ■. . • 

• The aiffuWd' p-n JunctioW detector .obtains lt% iiame from, Its manufactur- 
iha process . A slice; of S- type. silicon or . germartlum crystal with a . ,: . . 
. layer of n-type Impurtty (usually phosphorus) Vdeposlted on the surface, 

■ is heated to form a p-n junction just below thensurface. uThe phosphorus - 
• may also be painted onto- the s 11 icon, and made to diffuse into it by ,ap- . 

■ plying hear/. Since =^he n-type material, has an|eKcess of, electrons and 

' the 9-type has an excess' of ''hblfis" (holes may|bB thought of., as unit pos-. 

■ itlve charges) , the natural action of the,. comb|ned materials bends^to 
align the electrwis oft one ' side of the juncao*:and the holes on the- • ■ 
other. Thus a di%^erence .of potential is butit|ip across' the junction, 
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By applying an external voltage to 'the .crystal of such polarity as to 
oppose the natural movement of electrons and holes (reverse bias) tKe 
potantial barrier across the junction is increased and a "depletion, 
region" is produced. (See Figure 



Contact for 
eiectrieoi leadoff 



Charged particlii 
enter from,, this side 



Dipletion;^,,-- 
region 




n^type region produced 
by diffusion in phosphorus 



EiectriCQl lead 



Metal eiaetrQde 



Figure Vl-3.--^SchemHtic Repr^ti^utatl.uu 
of a Diffused p-n Junction Dfetectur 



This depletion region Is the sensitive volume of the detector and is 
analogaua cu the gas vulume in a gas ionizatiun detector. Charge pai 
tides upon entering the ^ dep let Ion region produce alectron-hole'p^lra 
analogous to ion pairs produced in gas Ionization chambers. Since an 
electriH: tieid exists in this region, Lhe charge produced by the ioniz 
ing particle codiected thu^ pruducing ^ pulse of curreut. The ^i^e 
of Che pulse is proportional to the energy expended by the particle 



ttutcace Carrier Detectors 



The pvLiu.lyL^ ^y^.ALluu of the «utta„u llLt.l.... U 1 r t 

dececcorg la the .same dd fur th« p^„ junQLluii iu\hat a deplcLluu regi 
In which :he,e exls.ca an alewtric flold. is piuducttd. , Thfe m=Lhud uf" 
producing Che depletlMn .egion as wall aa^Ls dlnwnalMU and lucdtlun 
within the distal vary irom une Lype of dele,, tor tu dnuLhcL , 



i L ^ u pe r £i L i . 
field exi^L 3: 



I Lttc: 

At LI 



sill^^n or ^eCJiiduiuui fur 
pur^ ^u.i^lui an ^lew^iic 

are excluded fr^m a chin region near ihe aurfad. 
the tl^id duuh a^i Lu lepel LUe fr^^ 
a mrtai t :^ J.-iu^d lu rhe 



auifd^. e uf a pi.t^te 
theiL bulh holes aitd ttle^. ir. 
Fur ti-typ^^ t^rystals 
eiecLiuna t l urn thia region. If 
:rydLdl Ljie fiee i=lecLL.,ii^ at^ aLili repelled 
but a c.unccntration t hules is nruduced directly u.der the Surface 
Then if a reverse bias Is applied, a depietiah region i^ 
Figuce VI . ) 



pruducec 



(5. 



EKLC 



eontacf for 
tlictriegi Ifodoff 



Dipietion . 
rtgion 



ElictriCQi lead 



Principles of Radiation Detection 



55 



chargid particles 
sntif from thii sldt 




TWn gold ilicyfode 



Mitgl ifictrode 



Figure VI -4 . --Schemac ic Repr esenta t ion 
of a Surface Barrier Detector 



Surface barrier detectors give better rasoluLions for parLicle speLi- 
troscopy than p-n junctions, but wider depletion regions are possible 
with the latter, (The wider Lhe depiecton region, the higher the energy 
of parcicLes which can be aiialy^ed siuce the particle musL expend ail 
Its energy in the depletion region.) 



Lichluni Uritted Detectors 



Uic liLhiuiu dLilLed deL^^^tOt I pLudui^cid by dittLisl.U^ llLliliiui liiL... 1 ^^w 

r^si^Livity p=Lype silicoti ul genuduiLinK When heated uader rever^t.^ bla^, 
the iithtuni ioiiB, which b^LVB an a- type donwr , drirt into the siiicon 
or germaniuni in such a way that ^ wide lay^r of the p^type- "uiaterial la 
coiupen^a L^d by the lithium so LiiaL th^ ^ffecLive resistivlLy ia compar^^ 
ble with that of Lhe in. Lriiiisi^ material. (^ee h^gure Vl-3.) Wider de- 



pl^Liori legiosi^ ^-an be ubtaineJ by the liLhiuni drift 



O L i 1 e r k 1 1 u w li in e 1 1 ! o d . 
Uo^t j^roiniae for g^. 



^.roce^b than by an- 



equeu L 1 V litliluJi d r i t i ed deLe^Loty ^huw the 
..d spectruscG^y work. Silicuu detfe^ctur^s fiBti be , 



eratrjd at rowm t empera Lures , but extiibit i 



efficiency for ^amrua r^ys, 
JeLuidLilUiU dej t, L L have. hi^heL ^duuu^ e f I 1 c 1 1 e , but imai^L be u^.eL'ate.i 
aC ilq.iid uitrOgtfii L enipe 1 d L U L th.ese regi.^unS^ o.jwpled wllh the 

dniall seUijiLive vul.nn^S obtdiudLl,. Lu date^ eiu 1 w Q nd c L u r deLectui^ tia ^- 
iujL r._^eivc>i w i .1 pi" edd ^ p |j 1 1 ua L i ..m, i.. lua*^. l^.^i .nediciiie. Mu 
bei..^ JuLie^ litJwciVer _ CO deVeiop 5 eni i u , id u L o L 

Li^jal for in vi^yo ga-itma luea s area^en t a ^idce th. 
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Figure VI = 5. --Schema t ic Representa L ion 
of a Lithium Drifted Detector 
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area suLvey^ . - - _ . _ . 

graphs of cosmic rays or substance containing rad ioac t iva ma t^r tals , 
The mode of interaction uf radiatiun with the silver halide in an emui- 
sion is^ that of ionization. After an emulsion has' been exposed to radi- 
ation there ia no visible ^ign of any change, but upon development, the 
latent image is converted into a biack deposit of u.etaUic silver. The 
extent of film darkening aiay be LeUted to the ty , eue r gy, and quautlty 
of radiatiori to which the? t i im wa.^ expused. 



t' i I ui^ At ^ 



aisu used in l^b^al^U wyik In makiu^ i^diMauL, 



to Store energy transmiLL^d to them i.y .adi^Liuu and . heu emit thi.. en- 
ergy in the form of visible 1 l^ht upon heating. Aim. -at a^y insulating 
craii^paLerit matdiial exhibiLS thi^ proHerty. CLystals commonly used a^e^ 
lithium flourlde and calcium fluuride. The ^enters of energy storage I 
or ''sen.3 i L ivL ty ^^nt^rs" are probably i mper £ ec t i uns in the crystalline \ 
structure; either structural defects ^r foreign impurities in the crys 
cal. ElecLrons freed by the Ionizing radiation are trapped at the sen^i 
tivLLy Cfe^Qters until teUaseJ by heat supplied lu the crystal. Wlien the 
Lrapped ^U:wtr.niH ai. reUaded, iirthi emiCt^d ..f au luLen^iLy pro 

portional Lo the .u^r^y transfeLred t.. U.^ crystal zvou. the radiatiun 
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Thermoluminescent dosimetry shows much promise for che future in the 
areas of personnel monitoring and raciiacion research. Ics advantages 
include wide operational range (5 mrads to 2 x 10^' rads) , simplicity, 
ease and speed in reading, its reusability, and the response can bemade 
relatively independent of anergy from 40 keV to 1.25 MeV, ^ = 

Vll. CHEMICAL DECOMPOSITION INDICATOR 

In chemical decomposition indicacors, ions produced by radiation combine 
chemically to form new compounds or change the chemical characteristics 
of a compound , 

A typical chemical decomposition indlcacor is a uh lor u£orm-wa cer mixture 
which, when expos et, to radiation^ produces hydrochloric acid in /Qropor- 
cion to the amount radiation absorbed- This formation of acid de- 
creases the pH, and^, ^by the use of a suitable Indicator, it is possible 
to ascertain when a predetermined dose has been received by the chemi- 
cal system. An Indicator frequently used for this purpose is brom- 
cresol^purpie. 

An inherent drawback of chemical decuiapus i L ion ^idic^Lui^ is the low 
sensitivity. It requires eKposures of the order of 25 rut^ntgens before 
deteccabie chemical changes are induced. Consequenc ly , these detectors 
are bcfHt suited Cur fueasuring lUa duse t l urn large yources ot ladiation 
o r ^ t o r c ly i i d e t ns e mon i L u r i ng pu r pu h e h . 

VI R>\D1(1PH0TULUMINESCENUE AND OPTICAL ABbURPTiuN 

Rad iuphoLu lumin.^^Cence the ph^uuineiuai by which L.,_iL't^la maLt=ti^is uu- 

der^u ciianges in their phv. L u hun i iiea c eu l pru^eLiie^ sub^v4utuiL to Irt^td- 
laciuu. Irradiated maLerlal will tluuic^bce wlien a..iivciLed by ligta uf 
Lhfj ptupc:L wavelengLh, (uiLLavtolei UL iAi±dL w i L L a V io i ) , Whereas vitiirtad- 
ted materlal^wllL not fluoresce under rhe same conditiuus. 
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Si Iver-act i vaced phosphate gU^H has proved uatiful as a radiaLiuu Je 

Ic^Liu^ nierJluni c.-^lbiLing L h t a J 1 p [ . u L o i uiu 1 n a ^ t ti fc: ^.L^perLy. i U t- 

l^iiU r.idlciciuu libetaLes cU. LluU^ wlLhiii llse ^la^a wfilch are LiappcrJ 

Lh^ L^iiH of Ltie gl.SH. [he l li 1 L 1 . , ^ ni.t^lU. Silver coalers 

Hk,ive Li.e ijrigiit ot Ltid pn..i jiuuduescence AtLer Ladlatiun expos, ii.. 

It... d^icL^^ U ir, ..uhje^^^d t .ilLLavluieL li^hL ju.l lUc i c u i t 1 u ^ I Ui 

.^L.bLc^t: .1 lc:.l,-d tJy" liicJuLia ut a ptioLu.H.i 1 L i pi let (ube. iht: iIlt^.ll^^ 

ILy Lti.. li^hL ^NiiLC^J is p I o ^ w L l 1 Lidl tu Lfi^ d.Jsc 1 1 1 C h itie ^5 ^ ^ 5 ^ 

- ^ ^ P . r 3 u u n . 1 d c » 1 Uie l e l o f U i 1 a L y p ... h e t . u c 1 1 ■ 1 e v e 1 u iti w il i I 

Lhc L-^.i..^. r L ...Mil I J 4w OU(J tJ.f, 



M 1 . J >, 1 . .1 1 I i t 1 , I 1 Oh [ , 



^ "-^ ^ n..iL. .r , he ^1,^.:. .tc L ir , a.. 1^ I . .,1, ihi^ is J,mt. Py .uaKiii^ opL 
r i.ige ot iiilcrt:^3L. This pti.i^ipi.. 1,, ns^^ful t l ^lu lO' Lu iu" 

rci.l . . " 
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IX. GALORIMETRY 



Calortmetry cakes advantkge of the heacing effect of radiation* A calori- 
meter is a device used to measure quantities of heat. Calor iraeters pro- 
vide a means of measuring direGtly. the energy absorbed in a medium as a 
result of eKposure to radiation. 'Calorimecry can also be used to deter- 
mine the activity of a large quarttity of radioactive material. 

The main advantage of the calorimatric method for measuring absorbed en- 
ergy or activity is its inherent accuracy. For dosimetry purposes a di^^ 
rect reading of energy absorption be obtained. However, the rate of 

heat input is so small chat only very high intensities of radiation can 
be measured. For this reason calorimetry is not used for routine moni- 
toring purposes. Applications include the measurement of the activity 
of curie amounts of alpha emitters and the measuremenc of the ^energy of 
^3^par t j.c les produced by particle accelerators, 
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CHAPTER VII 



LABORATORY COUNTING^SYSTEMS 
I, Integral Counters 

f 

1, INTRODUCTION ^ 

None of the radiation detection devices discussed in the previous chapcer, 
will, in thamselves, enable one to make accurate reliable measurements 
in the laboratory. That is, they must be incorporated into a total 
counting system which constscs of various and sundry electronic components. 
The number and types of electronic accessories vary with the type of 
counting system and the Job it Is to perform. The systems discussed in 
chis chapter are those that register all ionizing events that result in 
an electrical pulse greater in magnitude than a cartaln threshold value. 
These sy^g terns are referred to as Integral counters. Differential or 
^itidow counting and spectroscopy, which are accomplished'by means of 
pulse height analysis, are discussed in Chapter VIII. 

It. Cmm SCINTILLATION COUNTERS 

Figure VII- 1 shows a block diagram of a typical Integral gatmna councing 
syscem, PhoCons interacting in the Nai(Tl) crystal cause'light flashes 
which are converted to aUcCrical pulses. The pulses are amplified and 
counted by means of the associated electronic components. 
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Figure . - -Schama t ic Diagram of a Scintillation Detectir 



Th e -S e n i ii g u n ii ot l h e s c L r csin e tt^r is Lhe CiysLal, ii is especially 
chosen for its ability to pruduue yc iiic i 1 lat iuns when phuLuus iiiL^i'eicL 
withui its s true Lure. The nius t ' cuiiuhuli? ciiuice of crysLeils for ^anuna^ray 
detect i un i a the a o J ium i u J i d e , t b alii uni activatedj ^Na I ( T 1 )^ crystal. 
The crystal is carefully "grown'* with minute traces of a specific im^ 
puritv known as an "actlvacur" introduced during the giowing process. 
The activatoL causes tht; crysLal to scintillates ruoin temperature 
when energy is supplied Co it from an eKCernal source. Crystals are en^ 
cased in light tight cans usually of aluminum ur beryl lluni. The encase- 
ment is necessary so that the only light viewed by the pho tuiuul t ipl ier 
ia thac produced by radiation Inceractlng withiu the crystal. 
The reflector surrounding th^ crystal serves C^jiuaximiEe the lighi ^c^l-^- 
ting to the ptio l oca thod^ per uLiit uf energy absorbed in the crystal. 
The crySCal is usually Surrounded by lead stiielding to tedu^^tf backgrMUiid 
rad ia t i on . 

Ln the «^ a 3 c: u r L ( 1 i ) c r y s t 1 & i L i a i ni pu r t a n L l h. a t t h_e c r y s L a 1 be pe l 
ineLlcallv .=>._eiltd to kecrp out iUuistijic The SOdlunl ludidf 1^ tiygLuat.opi4^ 
a nd C i. -* 1 1 e L iiiu i t u i i i e k p^. a e J t t L t ^ L uuj aptiers* It w^a Let droplets 

f o r 111 on t tuj . r y .4 t a 1 t u c y will g r a d ii ^ 1 1 y dissolve It, 

d Ui L L ac E i i4» t [».^ i ^. J L j 1 

With d ^. L d C t tJ t 3 . . , 1 , > t L U t. L c- > 1 -J =■ ' ! ■ i > . t 1 . . t t \ 1 i ^ 1 t 4 . J , p .,4 i . . i L U , . . . 

the cann.nt^ wiii pi^iliitjit hanged p..rtjuulate raJi^.iu.. 1 . uin reaching 

the C r V s L a 1 it i . . a ^ 1 n L e i a L 1 o n s withiu the i y S L a 1 3 i e J U t a : . 1 e 1 y t u 
^anuua < > r x c ad 1 a l i u n . P h o t o n s , . . n e n t e t i ng i h^ u r y ^ t a 1, ca n e 1 1 ti e r i ii l . . 
a u L # I p I T s t h L w 1 1 } I u 1 1 d i ^ L u L L J . A 1 L h tj u ^h ma n ^ ph u L t j n S d^j pass L I . l u u ^ h 
1 1 f id I .H t . . L h r ■ d 4 i ^ n i r U_- n L n u 1 1 1 b & l i 1 1 1 i a c L with L 1 1 e i^- f y ^ t a i ei L o.. , s it 
is 1 1 1 ! r {_ ^ i i L L . . I e ^ I 1 L h a L ^ a nun c> gi u d K-L A p h o i o U i i i L c l a L 1 o l I s with 
ma t I ^ r i .* l w u l p l L i iia l i 1 ^ b v L 1 1 1 e: e Uu, ,d e g * p h o t e 1 e L I 1 t e t t a t , U Oh i p L -J 1 1 
s a lV_ r L i 114 , >,id pel i r p i ..^d , » L i . * u , In eauh ut Lhef.^c i n L r ra ^ L 1 ..US phoLuu 
f:Mier^'7 1 -r4 ^M,pa^i^Jd I.. eithfi'L an tiet^LrijU >.r a pOS i l i t.Mi , iL i the niuv^ 
iiif'i I ' of M,.' T % ti I i ... ^'d pa I I i ^ I c'^ L h r uu>? li I ht; w i y 3 L a I I a t f l i= . U/^c l t Ui^ 
Lhc atuuia a [id niw I c u 1 *j & , LUaC luiti^Leis Ltie 3CiilLiilaLK.ja ^Ji..^^.eSd. 
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The crystal atoms receive energy from a speeding charged particle pass- 
ing nearby. The energy transfer slows the passing particle slightly. 
The acom absojrbs the energy by ' increas ing the energy state of one or 
more of its more loosely bound electrons, .Since these electrons can-^ 
not exist very long in this excited state they will quickly release the 
excess energy by emitting a light photon and return to a more stable 
energy state. The light oucput of one flash is in reality thq total of 
millions of such events odcurring within approximately 10^^^ "seconds. 

Of the three primary photon interactions discussed below--viz.j photo- 
eleccric, Compcon, and pair produc t ion- =on ly photoelectric and .Compton 
interactions are of notable importance in nticlear medicine work, since 
pair production occurs only at photon energies greater than 1,02 MeV. 

The photoelectric process is one in which the total photon energy is 
transferred directly to an orbital electron. ^Although the photoelec= 
tron may cause secondary ionization^ the freed electrons will be slowed 
down and will give up their energy through exciLatlon processes to pro- 
di^ce light. These events happen so quickly that they appear as a single 
flash of light representative of the entire energy of the photon. 

i'he Compton^cat ter in^ process results in u[ily a portion 6f the photun 
energy being imparted to the orbital electron. The ^cdtLered phot^on 
with reduced energy may escape from the crystal or it m.ay interact el^^^ 
where in Che crystal and undergo a photoelectric or another Compton 
scattering process. If both the initial and the scattered photons ln= 
teract in the crystal, the processes occur so quickly that again It 
appears a^ un^ event of total energy transfer. 

lit Lhe pd I L ^l^jduc I i P^O^^ ^^ . i.Ui tl^y ..t Lhe iw.ld4.-iiL pIua.Mi cjuwrg. 

ih cuuverted to mass in the (uc..._ of au eilt^wtion dud a posiLkuu. iiic 
remaincier of the photon energy is divided between the two parr lei es as 
k 1 II c c i L e [ I e L ^ y , Th c positron^ u p u n a 1 uw i n g A uwn^ c omb i n u 3 w i L |i an 
e \ c c tron and the two pa r t i c 1 e s a n n 1 h i 1 a t e ^ t hu s pr ud u c i ng t wu ph o t uas 

of 0.^1 ^eV ^iit:r^y ^dch. fciith^i unt: .,1 buiii ut thtrae phoLony ludy iiU..i 

ii' the t-ry?>tal by futui^^i pro. c&^^e^ t^K abuve). A^alU L h t- 

^- h J 1 U ,,t f:: zfiil "3 ap^>r_;^i3 El, ^JUt: tfiiL. it t-.jLti y\iKily.nir^ iiilel^' 1 l.. M.. 

L I y L -1 i, Lhc .=sw iuL 1 1 1^ L iu'il is iiidlLatlw,. ul the LuL^i 1^1 11^ I pti.,Lo.. 

( ) . hiu^^e litcjtt^ i di^u a pisib^bilicy t j^a t ^.it^ ..i bui\i wf i hv 

ptioL.n/^ froth tht- ,....,iLi LI iiiu 1 ii i 1 J L Imh will t:....cipc- t l ,u... it^tj c i , s L 1 , 

the ll^hL ini^n^it/ .n.iy b. liiJ U._i t 1 vc: ..T ..u. ... d p ii i ^ pi,utw.. ( 11 r U )i li^V, 

i I*-- 1-1. I I t I J. I i . 1,1 



I : I 



II poa D t. i ii Liu. K 



' ' f ' * i -d an ■ 1 c V'.^ii hui 1 t i p 1 i . r . 1 i.c pii t . 

n^ru^ ^Mu I L 1 L t tu,.^, , rhr fuim^v-i or clewtL^jii^ leased in p4 upui 
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across a series of voltage potenciaLs. (See Chapter VI.) The result 
is an electrical pulse at the output of the photomult ipl ler tube whose 
size (height) is proporclonal to the energy absorbed in the crystal. 

An external unit, the high voltage power supply, is used to .furnish a 
large voltage potential to the pho tomu 1 t ipl ier tube. The power supply 
can be eitHer a battery pack or an 'electronic instrument which will 
deliver a preselected voltage between 500 and 2,000 volts. The power 
supply must be very stable since small variations in the applied voltage 
mav result in significant errors In the accumulated data. 

B . Pr eamp I if ler 

t 

Al chough there exists at the output of the pho tomu I t ipl ier tube a a elec- 
trical puliie, it is still weak and could be easily lost if transmitted 
aver anv si^n if leant length of cable. In order to niaincain a reliable 
flow of information a preamplifier is installe/i close t.o Che photomulci- 
pi let Lube Lij shapt^ aud Lrengtlie[i the slguai lur Lhc trip lo the: 
mainder uf the ayateiiu 

C . L i n ea r Am p 1 i f i r 

The tuilcCioii ut Lli^ I liieeiC aniplltier is Lu aiupllty ilia puiscS 1 1 uui the 

preamplifier, in a linear fashion ^ i,e, ^ each pulye tnuaL be amplifii^d by 
the same factor no matter what its original height. A good linear amp- 
lifier will accomplish this over a wide range of pulse iiiaguitudea wi th- 
ou c d is tor t ing ^' t he shape of the pulse. The amplification factor is 
called the ^ain uf the aiirpl i f ie i: . In ^t^iine integral countlLig systems an 
fxLerLial gaiii conLrul is pruvidedj buL [iiauy have a tixe^ g«i i u wrtitli muaL 
^ be a d j U jj L ed 1 1 » t e C na I I y . 

n. rulse height SpectruKi 

In vjrder lo underHturul the uperatiun ot the next *^ .jiuponen t ot the i^ysLem, 
lliv d i S c L i in 1 ua L u r , it 1=5 lu: es? d t y L.. kitow \/haL is lueaiit b "^ulii..- hc-lght 

T p V. [ t I till , 

tcl 1 1 f ' I e I L I a 1 i ^ L I J J L ^. 1 ^ I .J .J L I I i ■ . ■ . i J . . t i I L I i ■ . i i I . . . 4 .nny i I l i . . i 

is p t pu L' I Unia 1 ill heighL i,pul;-5e i.e i .^li L . e T cl ifie :.*a^uiLu.le ut L[,e 

--.UjKii i[i vv.il I. ^> I ' the eiict^y d^pu-^iteU tii I lit: N.il . y :^ L a i by l tie iiiL, . 
av-tiii^ ptuU ULi . ibu,.. £i liLiuar r e I a I 1 vHI^ h 1 p I L .:-» t). LwowU hfi|^hL 

a i I J j'^^ ^ * ^ ^-^ ^d u . I ... L 14 y . 

I. . . < 1 1 i a L iiK)w I 1 . L i . I 1 J . t . I t i e 1 f > 1 . I 1 1 , I , i 1 - , 1 i . . , . 1 i I ■ ^ ■ ^ * ^ 

t^aiiiiiici t .1 b r L OUi ' ~^ i--'^^. wtiit.lt .J L in.au^L c t t L i ( 'J M <L k , , jIIu^ 1 

iiit-fLiuL wiLh A LKi i .-J L ,i l . Itu.be plu.)UH.\;i ^fiit=h i .L^rSLt by i he ptu.L,. 

c 1 e w L I it- e tie. L d I e ...ih 1 e t «^ i ^ b s o t b e d an J y 1 c: I d i pi i I >? e i e p i t -i? ^ » s I a t 1 v t 
in h ft- i 4 b I ot L h t 6 6 i k e V ot e n e r y a b s 4 b tj d I bi e e pu 1 b e a I e r e p r e - 
He Ml ed i n K i ^u r e VII 3 tt b ba v 1 tig ^ relative j.. * I a e b . i ^^f 1 1 o i ci p pi" i.)X luia L t_ i , 
) u n i t ri , A I I * u I L h e e pu i is e a a r p p t u ,^ i ii i a i e I y L U e same h e 1 ^ 1 1 L but u L 
e.sa^Cly .=i . br^a.^rte [ a t i :s L i w a I piu^eM^ie^ with 1. 1 L ht^ -.y^^cem reHtilt lu a 
d i 3 L r ib^i L I .^..i ut pu 1 ^ e bei^hL.^ t,a a giveii d^uuutiL ctielM^y »brti,;ttje.i Im 




' ' 1 - 4 

0 1 2 3 4 5 

Hfcl.ATIVt PUL SE MfclGfi I 
( Arbi trory Units ) 



Lii^ 1 ^ J t 1 i 1. 4. i i tif pulses 1 Fi^iira \ 1 1 > ^ l ^ i a i i i .. ... i . . i i ^ 

1^3^ ^re [ujt .Li If Vui in size J bLi t a.^hlblL a rani .n ti^ighL 1 1 ^ L l 1 1 li L 1 oti . 
rhea?^ piAlsed are pco.iaCfeJ by CoinpLOn InL ei a^. L luud wlLhlti Llie cvy^L^ i, 

iliey , dLl be .Hy ^i^c, £ i o... ^imOSL ^et*J tjiiweit J. I Lei 4 Vdlu^ icple^^ntij 
Lti^ .^lieTgy inipaiLeJ L ^leuLLtji* by ^ phuLuii wrtit^tl it fit I Lets J dL 

diiy dngle up 18Q'" , Th i a eLi^rgy . chilled Lhe "CotnpCun 'edge/' la i fep 

Lc-3-4iLeJ Ly a fi jtbitiaty ^-iil^e liel^l.L of J uii 1 . y In Fl^viTe VI 1^3 

(ol a ^Iven c- uiu liig cL,.t^ ^ he, d is l . 1 du L 1 oii .^hown In Figaro vlI-4 .esalLs 
The hu^ri^uLiLdl a^i^i tould be lab^l^d In eiiur^y uult^ alace IL is knuwii 1. 
i\\i3 ex'anipLe LiiaL d relative pulse heigiit uf 5 repre^enLs ti62 kev. This 




type ut. pre^ ttu L i wLi ^^^lle^d ^ "^ul^^ hsighu ^^t^v.Ltuin" ^.-k ''^^imii^ eil^ 
ergy speccrum*'" The dip in the spectrum between 3 and 4 uniLS Is called 
the "CompLon valley" and Is caused by the g^p which exists beLween t\\m 
maximum Compt^n energy and cKe actual photon energy. Actually there 
wouLd be no^^ftlaes betwi^eii 3 and 5 weie it not for th^ dtatlstlcal phe 
nom|anci prev'^^sly luenLion^ed. The part ^uf uhe specLrum that repressnts 
tutai phutun energy db^urpti^Lt ( approxlma l e 1 y 5 utilt^) la walled Lhe 
"phu tope^k , *' For a giveii eii^t^y photon ttife rfe^l^tive Pv.^IlIou of the 
photopeak aiuLi^ Lhe horizontal a^^i^'cau be un L r o 1 1 in two way^a : 
varying th^ volid^c applied lo the phu l , .uui i l 1 p 1 l er lut. c ^i\d by adJ,i^Lli,^ 

Lhe ^aiu of lKi ^ 1 1 Lu„d r eiinp 1 i f i er . 
E . U i s ^ t la. i Lid L w i 

smaller than a cet Latn at^e, iii L.tegral ^-jancln^ syate. ^ a ^l.j^le 
d 1 a u f Im tna t or usedj aad ail pulses larger than a predtLt,r,..l aed 1 ^ - 5^ i 
are Cfansmtcted by the dis^, rLninator lo a readout device. For mo at 
C0U[i£lng applications it is best to set tlia discriminator in the CpnipLOti 
valley, I.e. . only phwLup^ak pul^ea are ouuiiLeJ. There lwu Leasons 

for thia: flL-St, iicaLLered photon a ma y r ^ p i d e n l u nwa n l e d i n f o l ma. Ui o 11 
( aj^ m5 ' f I I h 1 3 i b not ri 1 w a y .-i t i i i e a .J w 1 1 I b 3 e e 1 1 in C h d p l ^ i X 1 1 ) a nd ^ 
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secondly, the Compton vaUey Is the point on the spectrum where, the in- 
tegral counting rate is changing least rapidly; thus minimizing errors 
due Co slight shifts in the spectrum. Figure Illustrates the ^ 

proper discrimination level for the hypothetical ^ ^ ' Cs spectrum* This 
arrangement results in the rejection of all pulses with a relative pulse 
height less thari about 3,5 units; consequently^ only those pulses arising 
from total absorption of the primary photons are recorded along with the 
ever present background pulses. Some integral counting systems have a 
"fixed" discrimination level, i^e., the discriminator setting cannot be 
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-j I- fi I t ^ ^ . .1. 4 b t* J ei6 i ^ u t- d w i t i y I L 1 1 . I . i n a t ^ii J e C El J c; 5 y a C . 
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The total count is obtained by multiplying theTegiater reading by the 
appropriate ^scaling factor and adding the sum count indicated by the 
interpolation ii|htSp The decade system uses four "scal'ls of two" that 
are elec tronicaHy connected In such a fashion that for every ten input ' 
pulses, one output pulse is regiscered. Counts registered by the decade 
system cati be read directly. 

The register used with sea 1 ing^c Ircuits consists of either a relay* 
operated mechanical register or a recording device which indicates the 
number of pulses received from the last scaling stage, ( 

Most scalers employ a timer which will automat id% 1 ly stop the scaler 
from counting at the end of a preset time* Many have the added cap^ 
ability of automatically stopping the count when^a preset number of 
counts have been recorded. Whether one uses a preset time or a preset 
count depends upon factors peculiar lo the application uF"l^iteres t . 

nr. INTEGRAL SYSTEMS FOR ALPHA AND BETA COUNTING 

The block diagram uf a typicai alpha ur beLa Cyu^er wuuld luuk the same 
as the one for a gamma scintillation counter (see Figure Vll^l) except ^ 
for the detector assembly. Also, the associated electronics perform the 
same functions with one notable eKcepLion: the d iscr iiffinator is used 
priinarily to eiiniindte thermai noise pulses and lu discrimiaaLe against 
radiations which have different specific ionization properties. 

A. End-Window Iger-Mue i I e r CLjuntar 

fhls Lns L r utile El t , pLlin^Eliy Jesl^n^d tut wwuntlii^ r be I a tfiJiaLluii, Is 

also sensitive tu ganma rays j 4 1 though its ^iifmna efficiency is very low 
compared to sodium iodide crystals. The iustrument is capable uf de^ 
tec ting alpha par Lie lea ii tFidir eneigy is uut Lu tally abaurbed by the 
air space between the sampie and the detector and/or by the detecCur 
window itself. 

1 , u e L f v.. c o r c o L i 3 L L u w I I on 

The eiid ■ ^ ndow Ge i i Hue 1 1 ^^r d i jl ^ .» ^.1 1 i ei L . , » .1 l , v n i i 
sy.^Leinrf is usually a v= v 1 i nd r ic^i 1 gl^a^ tut«s wiifi ^ pljistic b.ae on un>j= 
ef nd , (' J e e F 1 gu t e V I 1 - 6 . ) A plastic l uu u u L ti e other e u J . . f L h tube 
h^d^ a thiLi mica windovv ..r i to^ 3 m^/cm^ ti.ickaaas lu pl4ice The tubt 
is filled wlih heliuiu ul ^l^jh aud a queiu. ti i ug gets.&uwit 43 alcohol v^pOt 
or a halu^en_ gas, Th^. ntr^I ele.. tLO,^e (u^thude) coiiiii^L^. jf a Li.iu 
wire about . U 1 Inches in d i sim e L e r . Th e outer elecir ud e ( c d t [ 1 yd e ). . j n n i .^i 
u f d I d y r L v. u p p e L . . i silver p 1 d t 1 Ug u n L tt e g 1 d S y wd 1 i o t L 1 1 e t ^ , L c , 

2 , U r t e L - i I . p £j t a t 1 . . i 4 J i i d ^ J i i ^- i d i u ^ 

Each tMi.d -w Lu.i.'W U-M LuLe h .4 4. its v^wii c t^a ^ c t e I i s^ L i ^ curve. illis curve 
rs fiii tab 1 Ishtjd by placing d ...jur^. e uppd|'ite t'he tub,j wiiuJowj if the 
counter vultd^c* i^ then inci eased in 25/ to ^0 vt>lL steps, wiih counting 
rattiri bei[ig eSLabliahed tor each voltage swttingj a cha i a l t^i is 1 1 ourvw 
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Igur e 6*.'^^ End -^^ndow Ge i^er->^fe^'l er CoutiL^r 



may be plot Led. The usual curve has f plat ia^u L iun (s^e Figure VII- 7) 
wherein the count Ing .^a te shot^ onl)^-.-a—3nialX/' change with voltage varia- 
t Ions . The. Cube operatihg voltage usually ^iel^cLed about ^ tht? pla- 
cedu length from the threshold |o the br^iakdown voltage. 

Thtj G-M Lube Is nurmally p^^^^ in a brasa-llh^d lead dhaeld or "pig" In 
urdtjr to cut down the background cuunt, A typioal lead s^^ield weighs 
s ej V e r ^a I h u nd r ed pu u ndt% . ^ . 




uei 



»rvt 



Thef un i , UtL... , I wet^u' the dSSQ. latuJ I t U»e M'l..l^ 

and thciL t.it Lhe ,4d,.aua se int i 1 la L iuu sysLem pre^iuusly dt^^.-rib.id aie duy: 
to Jiffeieiu^^^ Im the al^e of th^ pulses produued in Li,e deteutut. 



";THe; large; pulses jjrgdueed within the G^M tube need no praaraplii ' ' 

thaf afore ho preamplifier Vis, ^g^^ with the G-M tube, 

. Since alli^ pulses from the G^M tiibe are* approximately 'o=f/ e height, 
("ipe; , /the tube .*ls saturated with Ions on , every event irpgardless of the 
energy of the iohlging^partlcle) : the discrimlh blbdk amall 

pulsfes :due, tcelectrical and thermal rigise .rather . than /eliminate par*t of. 
the Spec ttum as with; the ganmia scintillation GAnter* ' -/ ■ 

B,' -rPtoportional^, Counter ' 



Proportional counters are. destgned/tb detedt both alpha Ind beta par ti- 
cles* They may be cons true ted go that :tbi sample Is either iniile or v ' 
outride , the sensitive volume of the. dettfptor^;*^ The. f ormer j called in^ h 
^rnal proportional counters ^ off gr the advan'ta^ge of increased efficiency 
because of. the more ; favorable gebmetry arrangement* Their ma^or die- 
advantage Is that liquid samples .cannot be counted inside the ^counting 
"cfiamfear bwirig to vapdr.* Alsov they become 

contaminated ^easily from' dry samples/' Thft Internal and external propor- 
tional couhters exhtb It; similar .pperatirig charadt eristics They differ / 
only ln..constBUCtion;v the external, chamber thin mica :;_or ' ^ 

mylar window similar to the^^nd-winHqw^G-M^ tube* .. The '.l^tVrnal cbunter. 
is described here as a Vprdtotype^ of proportional counters, .. 



Laboratory- Counting Systema^:^!, . -'Integra ir countera 



^ _ ^ :69 , 

: :^^ilpfiare/ (when cpunting); at a rubber 0«-ring jutictiph,/ ; 4*^1^ insu- 
■'^latpr holding § tungsten wire loop anbde 0,00i\ Inches 1^^ 

inserted In the top b£:*the-hemisphere. / ^ as 
, Ae eathode and contains a count Ing gas Inlet, and' outlet, Since the 
water moleculis . in atmbspKeric air have an affinity for electronaj the^ ^ 
greasure of air in the chamber* will . diminish or "poison" an alpha or. beta 
^dunt. Hencej the. ^hamber ia purged with a dbuntlng gas mixture, (usiial- 
lyfi90% argon and 10% methkna) before a count Is made to remove ■all al - 
molecules, Jhls' same gas. flows through the ;chambar -during a counting \ ■ 
paridd so:.that a positive pressure inside thi chamber will iniure ; ; ■ 
: agaihst air leaks at the O-rlng seal, : : / . ^ ■ 



t. Operation = ■ ' ^ ■ ^ - . " /" 

The inter^rif 1 p'ropbrtionar detiectgr eSihibtts a characteristic curve with 
2.plateaus^. ^each similar to fthat f br the ■ G-M tube* XSfee Flgute yiI-9V) 
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Figure VIX*9 , "Operating Curve for a PrbportlonaT Counter 



The first plateau 'call^cj/che alpha plateau ^ has a typical voltage ^range . 
of approximately. 900 vol^i to 1,300 volts The stecortd plateau^, callid 
the beta "plateau ^ typ-^^lly has. a voltage- range of -approximately 1 ^^^^ 
volts to 2i00p volts. ' the midpoint of each plateau is norma^y^ selected 
as the operating^ voltage. When \the instrument is adjusted at the alpha, 
operating voltage, only alpha particles are counted , /when ±he\ instrument 
is ad jus ted. at the beta operating voltage , both alpha and beta particies 
are ,e6unted> . In order- to count only- beta ^articles^ the chamber may be , 
operated on the; beta jplateau with an aluminum foil of abdut 8 mg/cnK. ^ ^ 
thickness plac|^ on top oE the/ sample to shield put the alpha, particles k 
Of cburse/ an thdetermlnate fraction of the lower energy be.ta particles^ 
will also be stopped, in/ this shield An equally precise and somewhat 
more convenient procedure is simply tp count the alphas on the alpha 
plateau, the alphas ^nd betas on the beta plat'eauv and subtradt in order 
to obtain;- the net beta count, (This method would be exact, excejit .fo^« 
the alphsy^late^u^slope of a; f ey per cent per huhdred volts / which 
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each alpha td" produce abput 1* 1 to 1 ^.2 counts on /ths beta platpa^ In: : 
.practiGey this slope is easily measured and an ekact correction to the .,/ 
' daft niay be made* ) V / / 

' 3. Counter circuitry;; , / .-.^ , ■ ^ ;= J.^ \ 

. A ^^preainiplif ier j amplifier^ ;ahd $ discriminator Characterize the typical ; 
.prescallng circuitry in an internal proportional countei^mThe linearity 
requireinents of am^lifiera' used with both prpportional and scintillation . 
cbu n t e r s are gr ea t er t hart - f or G -^M c ouh t e r s , \ A t t h e'^ a 1 pha b pe r a t ing vol t = 
age, the d is criminatqr^ maizes possible selective response So alpha part-r 
icles with little or/no response to high intenslttes of beta and/ ganma 
radiation.^" An alpba .particle may produce a total of 10" primary and sec- 
ondary .Ionizations ^in the chamber while a alngle,%eta particle or .gamma 
ray may produce a. total of- 10® ion pairs , ^ If the' ^^cr Imlnator. is ad-— 
jusEed to respond only to a minimum of 10® ipnlzat^ns= for each initial. 
ton i ? in jg event j -a AoujJ t „ of/ on Jy a 1 ph^ _=pa r ^ic 1 e s w 1 11/ b e r ec or d ed . . _ ;/ 



C* "Solid Scintillation Counitera for Alpha and Beta Counting 

Counting systems utillE ing solid, scintillation ine^la for alpha; and beta 
ciuntlng do not differ! from gaito sclntillatton, systems tn construction 
and bperat ion - f. only me dfteb^ ion media dif.fer. As mentli^M = in; Chap-^ 

r ;VI11 J a thin layer of s ilver^ is ;^fllpd to de- 

tec fe alpha par ticlfesj. and anthracene 6r some plastic scintillator may 
b^ u^ed as a beta detector* - : / 



D. Liquid .Sclntriiation Counter^ fo ; . , 

Liquid scintlliatlon counters have become very Important in recent years, 
for counttn^ low energy.beta emitters such as^^^C ahd^H* However , 
liquid scintillation detectors are seldom used in integral cquntlng sys- 
tems, _ \The_count Ing system^ rather .complex ^ and _i^ ^diacussed i^:_ 

:ter-%viiiV*- \ \ ■ r ' :^ /; ■ / . ■ . 



Integral laboratory systems) are. those that count all pulses larger 
than .a certain si^e ; A singl^dlscrlm^inator is used to electronically 
block out small pulses* gcint'fllation media j; G^M tubes , and^^proportional 
chambers are used as det^ctotSi in these systems. With _f ew except Ions, . 
the associated eleotronics are very similar for all integral count ing 
systems. ■ ^ ' ' " . . ■ ■ ^ . ^ , ^ y 
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CHAPTER V1II= 



/LABORATORY COUNTING SYSTEMS 
'Pulse Height AnaiyEers 



IV . INTRODUGTION ' X J ; ■ . Z,/ / ./..x ./^M 

^ Uf teny the accurady of a procedure is' enhanced by ■'window" eouhtlng 
rather than integral count^^ i.e. ^ only . a portion of a gannna spectrum/ 
such as the one describe in. Chapter vil is counted,. This, necessitates 
both loweV and upper digcrlmlnaeipnleve Further it^trumentation . 
ref inements enable one to sort pulses in . such a way that ' an. entire ipec-, 
trum can: be viewed at one; time . This technique is termed spectroscbpy ^ ' 

Several of the .different ; types 'of detection media discussed In Chapters 
rvi^and ^ yXI can used a puis e^h¥ight ^4n^ ■ V 

However^ scihtilla,tion :dete&tors arej by farj. the most coiranon ones used 
such ays terns * In nuclear medicine laboratories pulse height analysers 
are used primarily in gairana counting systems" using Nal(Tl) detectors " 
and in liquid scintillation systems for beta counting* \ 

II, ^.GA^1MA COUNTING SYSTEMS. 



A block diagram of a . typical gapna 'counting system utilising a: pulse 
height . analyser, is given in Figure VITI- 1.^^ The detector asser 
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Block Diagram of a. pulse Height Analyzer System 



pre amp J linear amplifier , and high voltage supply perform the same\ 
functions as described in Chapter VII., Thr ptilse height analyzer^ with' 
which a variety of data; readout devices may be employedj has. replaced 
the discriminator section of the. single channel analyzer * 

A* Pulse Height Analyzers ' ■ 

Pulse, height analyzers a^' of two types--vol^tage discr imlnaitor and com- 
^putfr=i '-T— .;- 
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Laboratory Gountlrig Systems**!!, . Pulge Height Analyzers 



.1'. Vol tage discr imiha tor - 
a. Operation " . ^ : 



Consider the ga^a; spectrum of ^^^ l- (^ta Figure VIII-.2) one. of the most' 
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widely used radloisptopes in nuclear medicine.. Unlike Cher , " Gb spec-.;;j;v(; . 
trum in the examples In chaper ¥11 V 1 has $ number of differant ^gantfna; 
energies.. The most abundant photons . have 364 keV of energy, However^ gannniis 
.yith tnfergies of- BO keVj 184 keV, 6.37 keV, and 722 keV are al,so= emittad by 
^^~ r. Hence, the . ganuna spectrum has several |^otopeaks (Note* It is 
suggested that the student review the mater iaT^ in Cl^pter gamma 
.interactions- and pulse height specbrum at'this pointr^ ; ' 

Sometimes it is advantaggous to count only thosei^puises arising from ■ < 
total absprption .of the 364 keV photon. This, can be done Sy using two 
voltage d iscriminators in. conjunction with an anticoincidence circuit , as 
shown -in thfe block diagram in Figure VIII-3\r,- . ' > =. , - 

Pulses from; the linear amplifier aVe sent; s imultaneously to low^ . 
er and upper level discriminators . Tht discrimination levels are set at 
the lower and upper . rffnits of the energy range ' ^to be cqUhCed, Fuls.es. 
larger than /the; iowir "discrimination level^^ are tffansmitted .by the ipwer ^/ 
level discriminat'dr , , arid similarly/ fdrj ;]^lses larger thati. t ' ^ - j .' 

aiicrlminatlon' level; It follows that all pulses f ransmitted^ by the . | 

■ ■ .■ ■ &:u , ,v> ^" ■ 
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Figilra' VlII-3 , -^Block Diagifdtn p( .a Vorfe'aie DiBcr iminai tor 
' - ' \ V pulse Height "Analyzer ^'-]\ 



upper level dlscrijninat6r (U,L^ will alio.be passed by the lower level 
diicriminator (t*L.D,). In other words, pulses arielng; from photons with 

. energies b e 1 ow the range of in t er es t S r e t r aAijri it t ed b y nei the r d is c r imi^, 
^natory while those pulsea .representative oi energies greater than this 

- range , are transmitted by both discriminators Obvious ly , somf;, means ^ 

. must be employed to transmit those pulses" that; trigger th L,L,aj. but - „^ 
nbt the U<L*b* ; i,e..j^' pulses . that fall between , the two discriml^^ation " 
levels. This, . is dpni with an ariticoincidence. cirGutt which ^W traps-^ 
mic a Julsa arriving at; its input from 'the L, L, D,..=pnly- , if one does not"-^ 

"arrlyejfrom the tJ.L.D* at the same tim'e* . 

Figure diagramm^t.ically. describes the^^ o the vblt^ge 

disci-iminator pulsi 'height analyzer. The first pulse from fihe linear 
amplifier (top of dligram) is too imall to trlgger^ even .the L.L,#f* (set 
at three pulse heiiht units) , ^ Consequently ^ it is rejected by'.-che ana- - 
lyzer'r The second pulse* triggers, the L.LVDVV but It also triggers- tKe 
rU.L;D. C^^t at four pulse helg^ht units) . It too is rejected because the 
pulses from i?the L.L.'D. and Che\u,L.D. ' arrive at the; input of the antt- . 
coincidence circuit at the jdme..ti The third pulse triggers the - 
L. l.a. s but not thiU*L.D. Therefore * ^ It is, accepted 

and transmitted to the recording p^echanlsin. The energy^ interval repre- ^ 
sented by the difference in the discrimination levels is* cailed' the- 
''window wtdthi'' All pulses falling within; the window are counted. 

The application : to the 1 eKample is illus trated irt. Figure /VIII-S . / 
The discrimination levels "are set to include. only those pulses arising 
from total absorption of the 364 ke^.gairana. Of coursej some scatter ' 
^rom the two higher, energy- photons will be iheluded in, this energy range,; 

' • ' : • ' ' ■ ^ \ '■ ' ■ ' k- ;/ / ■ ^ .. ' 

b.' Calibration . . 4 . 

. ] . \ ' . V : ^ ' ^ ' y ' ■ ^ ' ' 

pulse ^height analysers .vary as to the controls .available and thelr^lfunc- 
tions/ Howeverv the principle of calibrationvls the.same for all. As 
mentioned, in Chapter VI T, the position of ^ thfe'/pho pulse"* 
Ifi&^ight for a .given ampunt q£ energy absorbed) Ais epntrolled In .two ways i;^ 



- . ■ ■■ ■ 0'. ■ ' :,2 ;■■ . -.'-r . 4 . ^ r::- 5^....,.,..;:.,-6. 

: PULSE HEIGHT,;^ - 

' ; / ; (Arbitrary Units) ■ ■ ; 

fr,. .\ ^^^^ . ^ (Arbitrary yrtl;ts) / ^ 

^ .. * ^ . . ^ = ■ ^ ' ■ ' ^ ^ ■ • ■ . , ' . . _. '- 

by varying the higb'volttage on the= phototubej and by varying the gain on 

..the, nnear afflplifiar . . per unit/ of energy absorbtd^ is d 

rectly proportional to bot^ these parameteri , Many voltaga discriminator' 

."anaiyEers have .cbmpletely l^epend eft t upper and lower lav^l^ discri^lflator 

/ 'contrQls. Othar.s:.ha^^a a lower level cohtrQl (sometimes called \ baae ^ 

- -line ) and a wirtdow^wldth control^ coupled to the line control,: In \ 

/ eiehar caaa^^the energy with i sdurce.^qf known ga™a , 

V energy -.artai by; lifiaans; of . the gain arid High /vqltagi confCrolS j by moving the 

, ' spec trunyiip sand down until the photopeak pi irit er eat /is/ centered in tha^ 

^'chosen yiHdtow. .../Each instrument hag the ^proper calibration procedure out- 

■lined in the instruction manual. The instruction^ianual' shQuld be fol * - 

\ Ipwgd, precisely iri calibrating .and operatihg" atfy puls-e height analyzer - 

■ system r^S ~~ ' ' ' ■ ^ ^ . ■ : ; i \\ / . ^ ' ^ - ■ ' - ; 

. .Cv^Types ■■ _ . " f / - : ' i- ' ' / ' .^ , ^ 

Voltage dlscrlmiriatbr puise height anaiyEers of the type described abbVe= 
call.ed> single^ channel \ analyaers 1;> § , , only one set of 'dlscrlml- : 
' nators Is employedV jftny counting syst^s^^haye two or three sets of 
' .discriminators (two or three -^'channels"^ Hag. its own. ^ 

-V- scaler ;ot readout device; . This permits -sirw|:taneo^ counting of more . 
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. / Figure ^VIIIr5r--Gafttria E (keV) 

.- . \, ; ' ^ ".-^ " 's-. ^ 

than one photopeakv Such Instruments are employed to gr^eatestV advantage, 
in counting samples that contain -more than one radioiaotope^ e.g. , si- :^ 
multanajdus ;iron-5g and chromium-Sl studyv . / ' % ' 

An entira,^ gamma spectrum may be pbt^aihed. by uping a single-chaTinei ana-^ 
ly^er withya wery narrow; i^i^ow an^rnovi window; one step at a time 

over -the spectrum, couiiting at each for equal times. = Some 4n- - 

s truments;/have automatic ^^ipanning'-^ m'echanisms w move 
the window over the entire igectrum.. A perm^nent/gra^ of the spectrum .... 
may be pbta^iaed by using t^rfTppropriate reddout devlc^^ : ; 

\ Computer-^ type ^ .: .--^ -\ ^\ " \ " ^ ' - " ■ 

a. Theory ^ . - ^ ^ ' ^- - . \ ■ ^ ' 

Pulse height .analyztrs; w(iich ihe^ aspects of computer 

circuitry are called computer- ty^ or .^multichannel" analyzers. Su'ch^ 
instruments can sort and store information into as many as 4s096 sepa- 
rate channils«. \ \ ' \' . ' . ^ . ' ' ^ ' = ' . 

The/ twQ mainocomponents of the compdter-type analyzers are 'the analog^tb- 
digital converter and^ the memory. The purpose of the atialpg-to^dlgirtal : 
cohverter is, to take the voltage signal from Che linear , amplified and con^ 
vert it" to a number that is prbportional to the size of th^ pulses, -This' is 
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accomplished in most analyzers- by .converting the vol tags s ignal to a-/ 
■ tima interval j^hlch can be measured very precisely, . The time intlryal "" 
is. proportional to the pulse height* It diterminea" the memory /location 
into which the pulse will be stpred. Thus^ all jpulses p£ the sime siz;=e' 
ara storedin the aame location. The number of poss Ible .memory loca- - 
tions; is equal to Che number of channels availabler in the instrument , 
So, the^enti.re pulse height spectrum reiulting from gamma interacfcioni .; 
in the crystal^ is atored in a memory from which the mformatiion can be 
re.Crieved and displayed in varipus wayi, depending pr^the type of read- 
out devifce. .employed, Figure VIII-6 shows a ^ ^^ Cs gamma spectrum obtainec 
"pn^^ a yictoreen model 400-channtl pulse, height analyztr. ..The backseat ter 
rpeak at 0 * 22 Me7 ia the result of /photons from..the source undergoing 180 
Cqmpton jcollls ions in the. shield/ 
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Figure 7111-6, --Spectrum of Cesiuni-137 



Gallbra tion 



.Mul tichannel pulse height analyzers^are calibrated basically the same 
as voltage discriminator analyzers ; i, e* ^ a known ganima spectrum i^^ 
mdved. up and down the scale -by the amplifier gain and detector high 
voltagie until the photopeak is centered in the proper channel, (In 
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some sys tems , there is an .add-lfciorial gain contrpl " on analog'-to^digi* 
tal/GQnver fcari) Multichannel analyzers hav^ the advarttage' of 
observation of the antire - spectrum with an Qsciilqscope or other .read- . 
out device., .for -^kamplev suppose one wishes to calibrate i 200-channal 
system- ;so tha ^ fh"e " e'fft-ir^ 200 channels cover an energy interval of 0 to 
; 2 MeV|f a; good radiolsotdpe for calibration in this range is Ci. with^ 
^ its; gaimna enef gy^of 0, 6W >teV'f. Since 200 channels- cqverV 2 MeV:.of energy 
; /the energy par channel calibration factor Is 2^000 ke channels j or 

10 keV/channelr Thenv the proper .channal for the 0.662 MeV^^^Cs gamina 
/ is date^rmined; by the rslatiori;^" ' . , . ^ ' 

^ - V r. . - ^ ■ \ ^ : - /' 0.662 kaV \ > / - 

channQl.no. - r^W , u — 66.2. . 
:; " . ■■ - ^j-- \ / 10 ke7/channel : = :^ 

, For caiibration purposes this wquld be;= rdfcded. to ^channeL 

since one cannot/ read fractions of a cha^^l dttfectly^Vf »rce the^desired . 
channel numbar^is' deteririined j the gain .anl -high-volta^^ / ; . 

adjusted: to make . tKe phocopeak fall in the deslrtd channel, / Normal 
one. wQuj'd calibrate with more, than one ■isotope to check the linearity of 
the. system. For. the conditions stated (0 to 2 MaV. over 200 chaniiels) ' 
; Co with gamma energies of 1*17 MeV + 1#33 MeV is a good isotppe' for 
checking 1 inaar ity . ; NQ| amplif ier is . per fee t ly 1 inaar over .its entire r - 
' range. Thus ^ - a calibration factor determtrted. with a high ^ergy. gaimna 
photon (>1 MaV) should npt be used f or low energy ph€^ton4/(<300 keV) * ^ 
One should always calibrate the pulse, height analyzar^^Jth standard ^ \^ \ 
sources which; emit photons in the energy range* of interest , 



B, ■ Data, presentation \ \ ^ V : 

Several, types .of . readput devices are available for use with pulse heigJKt 
analyser ■ sys tems , They may b.e divided into two eaCegorlesV Analog and ■ 

digital, J ; ; / . ■ ; ; J ; ^ " ^J_;: . ■ L.. ::. .L\. ; . ; ■ : ... . ■ ;.: 

In dlgita J data /presentation sys tems I a nuiriber or some other coded char-"- 
acter is genaratad for each.^pulse reaching the input of the readout de-; w 
vice. Examp las of digital sys tarns are scalers electric typewriters 
parallel ipr inters 5 paper putsch tapaj and magnetic recording tape. 

In most. analog data ptesentatioh sj^stems,.a voftage sig^kl is generated.* 
This signal la proportional In height to . gither; the numbef^f counts in 
a channel, or tha.ra.te.at which counts are being ■received; by^^^^^dout 
device^ EKamplasof analog systems are ratemeters s =s trip-clfert rec^d- 
efs J oscilloscopes and K^Y plotters* " * ' 

1. Analog. readout devices " - _ * ' 



a, .Rat erne tar^ ' , "' - ■ , ....'=.. 

In. a ratem.eter, the Individual pulses froin the^ dlscr iminatbrs are aver'^ 
aged by means of an "RC" circuit , and a voltage signal proportion'*! to 
the .average rate at which counts are coining in is. meaiured^ by means of 
'a* voltmeter. A very important parameter ^.assoc la ted with the .rat erne terV 
is the '*RC constant" or "time constant/* The time constarit is the 



= 80 



LabdratQty CountflngrSyst ams^^I Height An alvEers^- 



.prbdMt: of the relUs t$hce:' '(ih ohms .and: th^ capacitance ( in fa^^^P^^ in ^ 
:'fh^^ input ciT^cuit of the ratematar *' Thi time /cons fcarvt refers tfe the ^ 
^Itime required f or Che ratameter; to respond to a sudden change in recount". 
Ing rabe:/^ One time constant is . th^;.^ time Required to rasp the ^ 

change^ by an amount, equal to 63.^ of ; the difference between thie old and = 
new^counting rates. Twotiirie constants result in 86,5% of the. tptal 
changev^ three time constants 95% and so on. In gfeheralj sever al'^ time; 
constants are rrfquired. fqr the- change to reach d. value arbitrarily close 
to. the new steady-state reading, ;Kor example j Figure VIII--7 illjustrates 
the use of a ratemeter with a^t five seconds. j The Initial- 

steady^st.ate .counting rate is 2^000 cpm. . . 
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Figure VIII-7 , -^Exponential Response .of an Analog Ra;temeter 



At^t^^M'> 2 lumpe to 3^000 com* The 

.fapemeter^, 'however^ has not fully respond'ed to. this change, In counting 
rate/uncil 25 Co 30 seconds have elapsed ( t ^;45 seconds) , ' 

b\ 'Strip-chart recorder ' ^ / - , " ^ . 

A, strip chart recorderV produce inked paper recbrdlng of Counting; rate 

= as 'a"" fiunc tion of time* The .paper travels at a constant speed, variable 
'^rpm about one inch per hour to about eight inches per ^ minute. An ink 
^stylus .marks the paper* /if See Figure VIII-8*.) , The strip chart recorder 



-The number of time cons'tants, required for ,the peter reading to come^ 
''withihj say, one standard, deviation- of';. thev.new steadj^;stat6 value die- 
spends. _on the .magnitudes of the ^counting rates, A rule of thumb Vis , 

■^that's" time cons tants -are generally sufficient , ^/ ;■ , ' V 
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— Figure VIII*8.--Strlp Chart Recorder . 

u \(Gourt'e'sy of Hawlett-Packard/Mos.Iay Dlv.) 

is used primarily in conjunQtion with a ratamatar' singia-ehannal analyEer 
Gdrabinaiion, . The counting rata signal from the ratemerer drlvas the 
s.trip chart racordarj providing a permanent recdrdvof t^ counting rata - 
vs, .;tirna. Sudh ayst_ems find their greatast clinical application in, dy-?- 
naihic function studies, since the time factor is of tha utmost import^nca 
in physlologlCi processeB. ^ ^ " 

.c ... Oscilloicope . ' ■ " ^ " ' . ^ ■ ^ • . ^ : 

Tha oscilloscope is used in multichannal analyzer systams With, computer^ 
. typa pulsa height ariElyEars* It provides .an= inttnediatejj visible, *nQn- 
parmanenf j graphic; represantation of tha counting rata par channal vs.' ^ 
ehanntl number;' (Sfee Figure 7III-9,) The oscilloscope consists basic- 
ally of a cathoda ray. tubiS with" vertical and horizontal deflection, 
plates to focus tha elaetron stream at the proper position on tha ptios^ 
phorescant face of the tube each time a count is recorded* 

Advantagas of having an oscilloscope on a multichannal analyzer are: 

1. Growth of the graph indicatas tha counting rata.. From thiss a 
Logical qouhtlng time may ba set. : . ; 

' 2* The oscilloscope provides a quick look at tha spectra to deter- 
' . mi^a i£^ any -mill functions* have occurred , a . g* , channel*^, dropped 

' or shifted. ^ . > 



■ 3* It la. ^ery useful in the libra t Ion. of the gelti aettifc^T'^Qf -the 

. ■ inatrument* ' ' - ' - ' ' ■ ^: 

:. ^ J r y [ ' :\ ■ . / - - ^ • ^ : . , 

^ d.. X - Y Plotter - / - \ " \ , 

ffia _Xf.Y^ plotter la simply an automa tie . graph'', pl'bt tar Llka' tha pSGil- 
l©SGDp%5 ^ it r ta, used mainly with multichannel analyser iys terns v Onee a 
gamma .spectrum is stored. In" the mamory the analyzer j It can .be re* > . 
. triaved and plotted; dn. either 'l^^^^ paper, by the X'Y ptotter. ' 

■It ts tfiuch fastar and more eonveniant .than hand plottingva. ipec.trum f rom^ 
the digital data, but-^ less :.acc=urate. . / y \ , v!* - - 

, C, Digital .Readout Devices . ' ; . 

,1,/ Electric typewriter 

.An electric typewriter can type, out accumulated info from a multi- 

■ channel analyzer onto 'standard s'i^ed " paper . ' 

As> with all digital reado.ufc'^device's ^ * the exact number of counts pM chan- 
nel is .recorded.^ -s^a advantages ofi- an eLectric" typewriter^ include ttfe 
abilitj^/to ntmuf.lly type pertinent informs tion^^oji the .da ta ^heet , ^nd = 
the ability to make sevaral carbon copies . ' - .# " " 

2* Parallel printer , * ^ ^ ^ - \ ^ 

. The. parallel prihter is also^used with multichanneL ah&lyze'b systems; 
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^Wh'ereas, the elac trie typewritW tfypesvori^ tha 
page, the parallel printer p an entire line at =once' on' a narrow 

strip: o£ paper , Each ^line gives* the cHanhel nuraber and. the number of - 

t cbuh*C s in tha t c hanne 1 , (See .F tgu re VI 11-10 , ) Th e " ad van ta g a of t h e 

-paralj^el ^ prln ter over the elec tr Ic ' ty pewr^lter f itS increas ed spe^d . ! / How- = 
evierjyths printer cannot type in =per tinent inf cfrAitidn nor jaake carbon^. V " 

. copies * * ^ ^^ ^ . - ^ ■ / ' * ^ '-^ ' ■ . : ' ] ^ ■ : ■■- . ? . ' ; • 
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3, Paper punchy tape / ;.. , ^ 

PaMr puoch tape is ;a;. roll p£ paper about 4 inch: wide in which holes/ ^ 
are punched according to a codiedv sys tern 3 as shown in Figure ,VII1-11* 
-These units offer versatility in that information may ^be read Into the 
analyzer as well as punched out If a paper ,ta.p^ reader is also employed. 
Also data punched onto paper /cape may} be prdcessed d irectly by § prop- 
erly prbgrammed digital computirv ' 
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a.gure VlII-ll.==Paper Punch Tape - Eight ". Channel Coda - 

. ^ - ; : ^ ^ . V • ■ . 

4, Magnetic tape * . ^ ; _ ; ^ = . 

Magnetic Cape units, a^e very similar in operation to paper punch units, / 
However, ins Cead . of .-punched holes In the. tape, sTnall spots or bits along 
the length^ of . the tape are magnet iEed acfcording to/ sdnie'- code, as . lllus- ' 
Crated In Figure ■ VIII- 12 , /Magnetic tape is much faster than paper tape^. 
and can thus handle larger volumes of data, However ^ magnetic tape units, 
are much mpre'^expenslve*-^'= ; " . ; : ' 

5 , Sea lers . " . : . ' ■ . • 



Scalers are dlscuss''ed in Chapter VII In coriiunctlon with integral count-' 
ing systems. They are. also used. with voltage dtscr iminator analyzers , 
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cdrn^ter^type-mult^lchannel analysers on a r^tinfe ba;Sls.?^ j . ' v 
11^; . LIQUID .gpINTILLATiqN .COtJNllNG SYSTEMS . . ^ ' — ^ - 



L^uirt*^p^inCiila;ti^n count^j are used^ prlmar f cjbunting'^einiisjloris 

^-.j ^.^^ ^ These Tnaterlals afee / 



from low energy beta^mitter^ sUch.as^^^C anH^^ff, 



t/roublesome to ; count with mostv detectors "toi^ Of theiT .i^^W^eta en 

frgy (156 %eV for '-"^C and 18 . 6 .ke\^ f 6n ^ H) / I^i^uid ^s^intmation da- 
^^tectors offer-.the adyantag6 of hpying the sainpre lntimateIy,..^Ked with 
'|the ..sclntli^tlatif medium.^ One prDbl.em ^still pfirsisus j*"" ^^^vdy:: . Thermal ' 
/emission of er^cproBs from thj^^Aa^^di of^a photomultlplletGube /cause . 
i the * backgrpund^^ Ml a. sCngle phototube -aystem to^^^f 

' count trig of low levels, of these^ ^o topes j even at; = Iow temperatures. Thus, 
In addition to placing »]the sampj^e, scintillator j iphototube and preamp 
. in a .commerd lal f reezer 3 a dual; phototube preamp arrangement with coin- 
^idence^nd Ibgic circuitgV^as .shown in Figure V!tll-i3 "is employed. 

In t.h Is sys tem^ Vs;c int ilia t ions \f rom the be^a par t ic les -are seen by two ' 
\ phototubesv - Thf resu It itig p"uIsM>; are -sha j^^«nd -ampl ifled and appear 

Simultaneously at the . trvputa^^ft the/m^ and analyser aDfcpljf.rers, If 

the output puise from the /niortifiot; eKceeds the tfiscrifnination level of 

distrimj^ator C, a signal passf.s^t 
; opens a gate iti the logic circuit fpr ^^given duration. During this, pe- " 

riod a pulse occurring in the anai^^e'^;^ phototube which . exceea^ the set- ^ 
= ting of discriminator A but not discriminator B will pass^ through the , ' 

logic to the scalar and be counted. Pulses smaller than the dijcV^mi' ^ 

■ nation level of A wilT not be passed;, those that eKceed the level -df B 
will be killed in vlpgic.; Hencgj pulses are counted only if. they arise 
in both .phototubes "s imultaheous lyl -S tioise^ulsas produced 
in the analyser phdtotabi would not ordinarily , occur simultanebusly in-^'-^ 
the monitoijji^o.totub^^^ : they are -killed in logic bvbvC thotigh they may b4 - 
of the propSJlieigfit to pass the discriminajttrs, s K '^\ 

Sdme#14quid scintdllation coirnting systems have the analyzer detector 
output- div^ided irtto two .or thtee^ s^eparate counting, channels.. The discrim- ' 
ination levels ^^aVe i adjustable for each channel, . Each chah- ' 

■ n'elHas its^ owfrtrfogiq ' circuit "and scaler , ■ * ■ - '■ h. = 
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Jigura VIIM3. "Siiplif led 'Block Dlagrai of a Sin|le Channel Liquid ;Scintillation Gountin| System 
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^ . - " MEDICAL RADIOISOTOPE SCANNING " INSTRUMENTATION 
I/.. iNTRODtJCTION ^ " " \ " "rf:, 

Thfe use/of ^Ta'diatiort":.deCecting Instrumicits to visualize the .distribution 
of ~v^" radioactive material in an organ or' gland ' is called scannihg . In- 
str-uments of CM^T^iPpev'develo^d in Che early 1950*' s "were used primar- 
ily to j^a^;|.t^rfthyrotd gland. By 1956, however , successful scans of^ 
the liver s 'S'rainj 4^ many other sices had been achieved . Toda^ scan- 
ning is widely accepted as a valuable .diagndstlc*tooU 

^^P^nriing. ins tr omenta t ton h^.^iindargorif..much improvenien't tn the -la&t sev- 
eral .years tfnd some highly sophiatidat'ed- devices^ are now available. J 

^ Two basic types of instruments have^ emerged--"rectilinear^* scanners a^^^ 
''Stationary imaging'- devices. ' " --^ . ■ : ' 

II. KEGTILINEAR SCANNERS ^ . : [ 

The major components of most commercially ,iavailable"reetirinM 

are diagramined in Figure IX-lv ■ ■ ' ^ t 
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Figure IX-1. --Simplified Block Diagram of a 
^ ,v ', , Typical Rectilinear Scanner 



As the detector-collimator assembly moves back-and-forth icross the area 
of interest, gamma rays from- the patient interact within the Nal detec- 
tor producing an electrical^slinal at the- output of -a' photomvltiplter 
tube, which is Qptically coupled to th^ detector. The signal is / 
amplified, and, if if i||the- •proper slz'e, Is-transmit ted by the pulse 
height analyzer to the scan recording mechanisms The recording 
apparatus is mechanically or eleccronicaliy coupled to the detector ' 



88'-^ , V v' Medical" RadiQlsdtope' gcaitrixng MstruTnentatiQnv - - ^ 

■asa6ik3ly tttat a Itl correspondence ;e|clsts* betw movement of the- 

^detectQr ksslmbly and^ t^^ tKe. redordifig mechanls Fdr each slgnpl, - 

tra^ariiiptadf the! pulse height analyser a mark i recorded on :paper by 
a tapper or; an electronic atylijs . At the same time a light siource ii - 
ranergiied . rabmpntariM which exposes a :Small spQt:6n a shee^t of photo^ 
graphic ftilm/ The. paper r commonly referred tp as a /dot", 

s^an;. the/photogrfphic repreientatioA is called a "photOBcan," In the 
case of trie dot scan, t^e ratio of recbrded marks to lincomlng signals 
feay be decreasad by ^an appropriate faCtq^ to accommodate ^ high count n.^ - 
rates * In both types of . scan recordings , the end result/ is a map of the ; 
distrlbutldn^ of/ fadipactivity within the patient* / 

Of . the components that make up the rectilinear scanning system only tne _ 
^^datector-collirtator arrangement - and. tha : scan. rmcoi^dingLniechani I 
unique to this particular ^Instru^nt . The associated /electronics (i^a^, 
photomultlplieri tube* preampj linear ampliflar, and pulse height ana^ 
lyzit) are . common to ganma spec'troscopy systems in general , and these 
are discussed . in Chapter VITI • v Only those components unique to scanning 
;,are discussed here. ^ ^ / / -\ : - . . v 

A/ Detector^Collimator Assembly ^. / * 

The purpose of the collimator is to limit the. field of^^'view of t^e- ' 
detector- to a* relatively small volume -of tissue*/ Collimators are * ; " 
usually constructed of Ifead, although tungsten and gold have teen used 
experimentally. The collimator design , along vith the diameter and 
-thickness of the NaT crystal, largely deterTnines the sensftivlty and 
resolution of the scanning system. For purpbses of thls.^discusslon ^ 
colllm^ator resolutipn ^may be defined as the inverse of the diameter of 
/the volume of tissue the detector "sees" at any given time. Sensitivity 
is defined here simply as a p|rameter Inversely propprtionai to the time 
required to obtain a scan.^ . . 

'Sensitivity and resolution are not Independent parameters . They are^ 
: related In such a way that, with few exceptions, a chan^ge In collimator 
design to imprpve resolution will be accompanied by a decrease In aansl-- ^- 
tivity. The following example will illustrate the point* Suppd^ a 3« 
inch-diameter crystat is to be used to scan an organ which is suspected 
&f cpntalning a lesion .2 cm in diameter. Figure JX^2 shows two sets of" 
. conditions which illustrate the interdependence of sensitivity and res^ 

olutlonV In Figure 1X^2 (a) a "straight, bore" collimator with a hole 
, diameter of 3*inches is usad^so that the entire crystal face Is. exposed 
= to the radiation field at all times* ■ - ^ - 

# ^ - , = ; . ^ ■ 

si The terms "resolution" and "sensitivity/:" as they apply to the overall^ 
scanning system, have reaeived close, sema'tlc scrutiny* Attempts have--^^ ' 
been made to define them in ^terms, of strict, physical parameters * A 
detailed discussion of this work is beyond the scope of this manual* 
The definitions stated above are sufficient for a qualitative under-- 
standing cff collimator characteristics.^ ' 
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(b) . 



Figure lX-2. --Effect of Bore Size 



Thus, .as thp %t:ec tor moves over the^rgan, it reapohds to radla- 
tio.n fro^ a yd-luine of tissue at leas t 3' inches In diameter, and the 
likelihood o€ depecttng a change in, response due to a , lesion 2 cm in 
diameter Is nil. v The resolution then is very, poor but the sensitivity 
• is: very high fe.ecause of, the i^^g^ volume of tissue to Which the crystal 
is exposed. Figure IX- 2(b) shows the opposite extreme in which all 
but.a very small fractfion of the crystal area Is covered by the collie., 
mator/;.. This arrangement would easily resolve a 2 cm diameter lesion ' 
provided the seng;itlvity- was not reduced to the- polnt^hat statisti- 
cally slgMf icant }dif:ferences in counting rate would be impossible to ' 
obtain in a reasonable period of time, thus^ a compromise- must be ■ 
reached between sensl'tivity and resolution. This has been best achieved 
tq date by the focusing collimator ^ which is described' In the next!- 
section. ' , . - ■' • ; 

1. ' Collimator design,'^ '\ ■ . - '■• ' ' 

Jactprs peculiar to collittiator ' des Ign . which affect sensitivity an#'res- ' 



:ion are- type of cdl 1 toatqr 
a. Type of collimator v'^^ ■ 

\ / - " v ■ . ^ , ' : \ \ 

Most praseftt-day rectilinear ac 
tor, -i,e,, all of the holes, focu 
th^faee of the collimator (itlm 
Iiie plane to which the holes £qc 
llmator. The distance from th^^f^ 



geometry, arid transmission. 



ers utilize a "fp^uslng" type collima- ^ 
fd a point approklmately 3 inches below 
iated in two dimensions in. Figurfe 
31s; called \the focal plane of ' the_,cnii** 
of the- ^cdlUmator to the focal^plane 



sensitivity/ d^^- tt^ i*e.j if a point spurca of a gammar 

emitting radl%iSol:^'p^ moy^d^ about in= front of the face of th^ col^J ^ 
limator, the counting\ rate recDrded by the instrument will be. highest- ' 
when the source is afc the focal point. If the abov^^ procedure is, car- 
ried out ^ and the observed counting rates at many- :pidints are recorded 
and mapped 5. a- seriis of lines "mayVbe drawn connecting- points, af iqua 
counting rate.. This is ref erredi eo a§ ah - i s 0 ^ea p b n s e- cu rye ^ an d/zls . 
illustrated in Figure IX=4 for two focusing collimators with^^^^^^^^^ 
numbers of holes. The numbers in Figure IX-4 jive V'tha the 
outer edge of the area defined by each line as a pe.r9entap.e of the max- 
^Imum: response/ . It is. noted that maximiMii sensitivityv#nd resolution are 
at the focal plane." In fact , . the p'^resdlution distance" /is sometimes 
defined as the width of the 50^ isoresponse line measured at the focal 
plane, % * ' ^ . \ ■ - ^ , . ; 

b, Geometry ; ^ = /" ■ ^ . ^ . . v ' 1^ . ^ 

.Geometry is defined as thfe solid angle ^ around, a point source subtended' 
by. the face of the sensitiv'e volume of a detectorp It isi apprbximately^ 
gqual^to the ratio of tiie area of ,:"che ^Jace of the detector to the surfac 
area of a sphere. The .sphere has , a ^radius equals to the' distknce: from 
the point source to the fac^e of the detector , ^ Obviously , thelgrpater 
the geometry the greater th^ sensitivity- of "the. counting ar:cangement 

In foGusihg collimators 5^ the geometry is dete^mined-by the diam of ^ 
the crystal and the distance :-frpm; the crygtal to the focal' plane', .The ^ 
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.' geometry is directly proportional to the ^iamet'er of the CTyW^Cal jand i. 
inversely' proportional; to the crystal'- to-focal -plane distan^tf,^-' '^tatid ■ 




^^'PACE OF CdLi.tMATOR 



FOCAL POINT (~1 00%*). 



Figure IX-4.^-Is.ore'sponse: Lines Jor a. :37-Hol"e , 
3 Inch 'Diameter Focusfng Colllmatbr;' 



an,d,Cher ;W^y-,. lot. a., given, m&X:iinym diameter ."of 110168 .and a given- ftycfi'l;- 
.leng th , Che Linger- the coll Ima tor .the ' better the , res'ot'atJion and the 
lower, .th.e seVis it ivity,. . . . ' . , '■ 



ERIC 



^2 :• - i ' Medical iRadlQlsjtops- ictnnln InstrtilniehtattQfl 



, , - f 



c.v. 'Transmission ^ " . -j"" / . ' ^ ■ , - r j • A . •/ ' * 

. ^i'.- : / ^ --M; ^'v--' ■ ■ A ' : 

JlransmijMon is :'th& of the, crystal face ^ hot Q^scurmj by the^. ' 

cpi,14:^t6rrwhan viewed^ f f ocai^paint^* ^Fox: most yCp4.1ima. tor tbe-'j 

:tranimtsslon is ;40%\to 60%, " The triftsmiss iqn :1s uMBlpy f ^xed'};; then the 
riumber of holes may 'be us^d to control the reso^^uti^n^of the colltTnator, 
For a. glvert tran'smlssions; c.he^^^ the betcer ^the 'resolution and ; 

the *less thi sensitivity.'^ the.*hcles are arr|aged hexggona^ly to^ provi4e 

'the maxtoumVusnber^ holes in a jiven space. Six circles of equal dl-. 
meter can be circumscribed about a circle of that /same dv|ameter. Th% 

; minirrium distance /between^ the circumferences -Ciaptum thickrtess) ^will be 

^ the sami f or any; two adj^cfent ■hiles ,\ Each add ItioniLl^ ring ol^. circles 
contains six more circles than, the preAn.o^s, Ving, - H 

"of H9v 37 5^ and 61 holes have emerged, ^ekagonai ■ hples result in a cqn-^ 
siderable increase In t.rarismiss ion 5 compirecl.to circular hplesi with-, 
out affecting the luinimUm septum thigkriesSt The optlrrtum, septum, thick- 
\hess . depends ;upon Erie gamm^-ti^y energy=^ of the Isotopl of Interest, The 
septa: muBt be of sufficient tK^ckness" to prevent s igriif leant penetrafibm 
by^ the raHiationr / ^ . ^ . % ^ ' ^ . ■ * / 

,'Obviously 5 no single collimator' is ideal^for-^ all scanning applications. 
The choice. o£ col lima cor for a given scan wlli depend . upon;, the serisi= 
tivity arid resolution requirements 5 aa well as the energy7.;p£/ the/ radi-. 

-^V _■■ * y ■ ■- ^\ ^.^-^ ■ = yS;,./.^" ■■ ^ \ 

ation?^.. ^ ■ :" ^ . * ' = . ^ ". .^ 

2. ipeteetor size, and; ^thickness ^ ^ ■ / 

^he eMects of the diameter of the NalCTl) crystal ^on the sisnsltivity 
; and resolution of the:.^scahning s^s tern have-been discussed above, Crys-. 

tals of 3 inch and^ inch diameters are the "moat widely used. However 5 
' an^g ^ inch ' diameter cry sta^^ at least, one cpmmerci^l scan- 

; r^^r. The crystal thickness affects the. efficiency bfy the. detector , 
Thicker crystals are more efficient for higher energy gamma raySs .up to 
a point, ^ Most 'commercial rectiiihiarv scannln systems utilise crystal^. 
:that'afe, 2: inches^ thitjk'r'- " / ' - ■- .V. 

' The da tec tor and coliimatprj alpng with th^ phptpmult ipl^ier , tubg and,..,, 
pr&ip, are housed in k single unit, ■ called th^ probe, whiah Is^at-: 
tached to a motor driven mechanical movement device* rlVfls mechanism ..^ 
along witii mechanical stpps which define th-e^latefal and long itu4inal 
limits of: the scan J 'causes : the , probe:, to traverse the area; of interest 
at a preset speed then mdvle^ a preset distance perpendicularly and tra- ^ 

, verse the area ift- the opposite directioh,/ This, process ^s tontinued 
uhtil'.^^ been covered. Some scanners have me^ 

chanlcal mo^^mftits whicii^ in either direction,- The gear 

>piay be disengaged to allow hand positioning' of the pro'be, The'teeh- 
ntque -W ''hand-scanning, ''^ a^ of choos Ing* tKfe proper scan 

^^speed and line s-paclng -^^s discussed in Chapter XII. ; ^ 

B, Sfran'^Ilecordlng Maehinisms " ' ' .7 ' \ . ' \ 

^«da^ recording, mechanisms are pf^ two types--^dot tecorders and ^photp- ^ . 
'graphic recorders, The dot^'ricorder produces a'map of. thi /distribution 
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of^'a-ctivity' Within/ the'' a.rea- .of" iti fcer^s r by ^GOttf ing '-do t s .".or' "slit likV-.- ' I 
tnarks on paper/ The photographic; recorder giVis the* stoe resut^ 
f iltn by photbg^aphing t^a light flashes che^-ftce of-i !^eathod,c- ii&y * " ; 
tub^. This latter method is more ^y^rsattle .because cori 

eraited over the irttensity j-^sige j. 4hd ^^jjtac£bn-^^f the U ight j&ieh which - 
t5«bp6.seat-the 'film.'^ ! -> \ .. * * ; 5"^'%-' 

Jin moat comme^ii^l scanners^ ^hji) reCordirig 'mibh 
linked to the .Ecanning head or probS by meaji^^ of* a. rigid bair, ' Ginse- . 
quentlys the recorders movey^imul^anepusly yith ahd^^i^ l-to-i ' V /* 

corr;esponden.o^- to the probe A Some .scann:ers 3 however use . an^ X- Y 'pijO^Cer 



>te^ yiil) to dy plica te^^he relative, ^sition of \the 
^th^^^co^erS/a^e :ai^ 

wj^ch i^noves - • %/.v 



1* Dot rieGorder's ; . . ' ^, 

a* Electronic stylus/^-d recorder. 



Figure/-IX-5 ahbws: a^^^ diagram of a dot r^cdrddng^ mechanis^wHich . 
uttlizes in electronic stylus Hb\ burn .a imail'i spot/pn a sheet /pf ^l%c*: : ^ 
trigad conduc t Ing ^aper each ^tima..^^^^^^^ passes, through' the- stylus, . 
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Signals frpm" the "pulse hevigh^^' analyMT are f ed^ through. a' binary .fscallng 
circuit to_ 'a stylus driye^^. which, in tLixn?, sends a signai through the 
,s t^iis thus caus ing .a sma 1 l.;',^.oc to be burnfed on . the conduct Ing ■ paper h 
;7pe 'binary ..seal ing t j.rcuit divides the counts f^m' the pulse". Ketght = / \ 
analyzer by a f actor ' c.a 1 lad the S9^1a^ factor. .'the scale factor 
adjustable from 1 to' 256. A sea] 



£ac;tor'of eight ^ -for example means 



1 



94 / ' ■ Medical RadlQlsPtope Scaanlng - Insprumentattgn- \ ... . ■__ 

-that for every- eight counts ar-,ri.vlng at the ifiput^of the binary sc-fili.hg 
circuit from the pulse height analyzer , one /is. transmitted to^ Che stylus ' 
'driver^ i/e. ,= =one doc 'appears .on the pap^. . This reduction in' counting 
race is |oine crimes necessary be^cause -'ix trebly high .counting rates wi^^ 

, paralyze .the. stylus,. Also, the scale actor , may be used as a means of ; 

.emphasising, on .tha^'dot scan^ differences- between' areas;^f high and low : 
counting rptes..:- ■z^. \ '. '^ 

Wlfile the signals^ from the pulse Keighc analyzer are /being . transmitted 
digitally 'CO the gty lUs , they^ are .also being .avcrageU by a count rate^ 
meter. (See. Figure IX-5 .) ^^^he coiiht ratemeter emits an analog voltage 

. signal which is.' proportional^, in magnitude Co the counting., race. A back-' 
groiind cutoff circuit cpmpares this, signal with a preset reference vglt- ^ 
age signal. Only when . the. signal from the count /ratemeter .i|^ greater^ 
.than the.:ref ererice /vtlcage 'is. the switch ( indicated- in 'Figure IX-S) /\ 
closed,, thereby allowing signals from the stylas driver to be, transmitted 
t6\ the stylus/ The magnitude pf the reference Voltage is determined by 
adjusting a^heHpbt conCr^ol on the instrument which is caribraced in per 
canV pi & 1,1 ^sca;e reading, Hence^ if the ratemeter range selection 

/swltdh ls**^se^so ^the full scale meter^ reading is 3^000^ cpm and the back- 

■*'gr6u^d cutoff is se^t at lb% , vthen' no .dots will be recorded" on the paper, 
over areas which yield less ' than 300 cpm. However, aa.-soon as the count- 

.jihg rate goes' ttove 300 cpm then ail of the pulses Jfom thjg, stylus driver 
are 'recorded in a'digicaa 'fashionp- In othef word^s^ the background cut- 
off does not actually.^ subtract counts, ^^but daraigmtnes whether all or 
' none ^of;, Che cjoUhcs. will be" rfeporded^^ v ' . 

. ' ' ■ . '» . ^ ■ ' . ■ 

^ The ^temecer timr cons tant (see \Chapcer^^t^IJI) does ;^ affecc Che dot 
scan "exce^.C a backgrouhd; cutoff of greater than zero is used^ 

(Whert^'Ch^^^background :cutof f*^ Is sed.at.sero, tlie switch in Figure lX-5 . ^ 
remainf ' tl^ed at' all timesl) - If this is the case^ a long time fionstaht^ 
will TesulPin' a considerable lag time^hetween the dat^tor response 
;and thfc. raster response. / The effect o£i-fesV^on the dot scan is discussed 

^^^n; Chap.tfer^XI:T, ; .\ ^'[\[^' - 

■ b/ Dot recorders 'ucilizing.mechanlcal tappers . 

Some con^ercial, scanners utilize a mechanicaL ri^flier than an electronla 
stylus /*A mechanical stylus produces^ an impreisioq. in the same manner, 
as a typewriter b.y striking an- inked ribbon against plain white paper;. 
Hence,, no speciai paper" is required^ The- stylus, is driven by means af = 

■ a solenoid which^ causes it to tap the ribbon very sharply , each time a. 
pulse is received from the biMry scaling. unit;.\. This type of tapper — 

can racord up to 7,500 cpm* ^ - ■ \-. ^ " ■ 

' . ■ » " ■ • ■- ■ ■■ 

^ " ■ ' * " ^ ' - 

Som-e me^anical tappers are usecj- in conjunction with pressure-sensitive ■ 
' pap at CD produce a dot scan. :Here no ribbQa, is^ required since the a.m- 
. pact of Che tapper sCriking the paper^^against a^ hard surface is suffi-^ 
ci-eht to .cause a mark. SpLecial paper is required ^.-lioWever ; . ^ 
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c , ' C6l0r dot ' recorders . ■■ ' ' \ 

Color dot scana^^may be obtained .from the mechanicar tapper recorder by'; 
causing the tapper to strike an= inked ribbon which moves between the 
taj3per\and plain white paper The ribbon is divided into several bands^ 
(usually eight) 5 each of a different color. The analog S ignal from the 
ratemeter causes the ribbon to .move laterally bineatji the. tapper as the 
counting rat^ changes, Th'e ribbon position is preadjusted before each 
scan so^ that the maximum counting rate of interest is represented by a 
certain color, Thus the counting rate ranges from maximum to backgrourid 
is . divLded.'into eig'ht colors. 



Z: Pho'tographic^ rec^ders 



The cDm'ponerits of a typipak photorecording mechani 
Figure ^ \ 



sm are shown in 
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Figure ^IX- 6 , - -S imp.llf ied Diagram of a Scan Photo- 
Recording Mechanism 



Pulses from the pulse height analyzer cause a light source (cathode ray 
tube [CRT] ) to be energized. momentarily , ■thus^aKposing a small area of 
photographic film. The effect of the light flash on the film can be 
controlled in three ways i (1) the slge and shape of the area of film 
exposed for aach pulse may be controlled by placing different size and 
shape apertures between the CRT and^the film; (2) the duratioti of the 
ligh,t flash may be controlled by means of an external setting on the 
lighV pulse driver (see^ Figure IX«6) ; and (3) the. Intensity of the 
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^ - ' - .' ■ ■ ■ ' ' ' y ■ " . ' „ . ■■ ' ' ■ ' ' 

light flash may be controlled by modulating .the vgltafe applied to the 
. CRT.^ Ttie effect of Che intertsity mbdulatioh is called contrast en - 
hancement . . : ';■ ' • • ' ■ . . 

' The photographtc recorder' works as fallows Pulses from the pulse 
height analyzer are fad simultaneously to^^the- rat^em.eter and light pulse 
driver. Each pulse ^ that reaches the light pulse driver causes, the CRT 
to be* turned' on for a preset period of time determined by an external 

■ tettiog on the itgHt pulse driver. This tlriie is usually between JL and \ 

■150 microseconds s depending on thi. observed counting rate and scanning 
speed. Unlike the dot recprderj there is no' scaling down of the number-. 

. of^ pulses fed to Vhe photorecorder, Thuss there, will be superppsltldn , 
of dots on. th^ film. \ This , Ir desls:able on photpgraphlc scans because ; 
tt helps to emphasi*ze dif ferences , In Isotope concentration within the 
organs* (The degree of /superpo''s itlpn of dots wil 1 be greater for areas 
of high isotope concentratioaj thus producing a greater ove-rall density 
on the film.) The light duration .must b'e set so the film density cor- 
responding to the area of maximum counting rate is. a reasonable value... 

Modulation of the intensity of the light flash with counting rate (con- 
trast enhancement)^ is accomplished a*s follows; The ratemeter averages 
the pulses from the pulse height analyzer over a time, period determined 
by the time constant^ of the ratemeter (see Chapter VIII), The rate- 
meter in turns produces a dc signal which Is proportional in maghttude ^ 
to Che counting rate at any time. This dc signal is then amplified by 
a f^crior which is determined by the g'ain of the dc amplifier in ^Figure 
IK-6. On some scanners, this gain setting Is ' externally adjustable, and 
on pthers\ It*/ is preset and remains constant. The signal .from the dc 
amplifier drives the power supply for the CRT, Thu|^ the voltage' ap- 
plied to thfeCRi varies .in direct proportion to the counting rate, This 
means that the light flash from the CRT 1% more intense when the de- 
tector is recordihg ol/er areas of higher Isotope concentration. 

The' gain of the dc amplifier determines the'slope of the curve which 
relates the optical '^eus ity of the film to countini rate* Optical 
density (0. D.) ^ log (^j ^ I) . . ' ' / ' 

where: . = the intens ity of the light incident on the film 

I ^ the intensity of the transmitted light 

An 0. D. of 2.0 to 2.2 appears totally bpaque to the eye, whereas an 
0. D. of about Q.l. is undis tlngulsable from the base' f ok o( most filnia* 
By adjusting the gain on the do amplifier, the useful d^amic r^nge of 
the film (i*e. , Q,i D. - 0.1 to 0* D* ^ 2,2) can be made to extend over 
any desired counting rate interval. Thip is accomplished by setting the 
voltage on the CRT at a value so that/tHe film density corresponding 
the maximum cbtoting fate of interast' Is approximately 2,2* (See Fig- . 
ure IX=7.) Then the dc amplifier gain 'determines the count rate at 
which 0. D. will he approximately 0.1. ' In Figure IX--? ^ the voltage on * 



0 1, 4 h & 10' 12 1,4 16 18 "20 : 
■ ' CPM X 1,000 ' ^ 

,. 8 , Figure T;X-7. --Optical Density VS. Count Rate 

. . ■ •. ,\for Bifferent de Amplifieri G |efctings'" ■ ' ■ 

.. ^ " - ; ^* ; — ■ '-^^ 

the CRT Is set so as co produce an .of 2/2 atv 20^,000' cpm. With a 

relative gain* sett Lng| oi 1, the.. O^. D, goes from 2.2 down to 0. 1: over the 
counting'rate range o£ 20^000 Vpm Co^plproximately zero cpm. Thus,: with 
this gain setting/ even background counts would cause dots of sufflcierit 
D* sp as to be distinguishable from base fog. If the gain is dou- 

\ bled.^ the useful range of Optical .densities is limited to the counting 
rate range of from lOsOOO cpm to 20'3000 cpm*^ Mn this case, no informa- 
,tion will be recorded on. fhe film when the detector is over areas which 

. yield less than 10 , QQO cpni "''because the lighc, flash will not be of suf^ 
ficient intensity to produce an optical density dis tinguishable f rom • 
base fog. ' Similarly^ as the amplifier gain is increased to 5; the slope^ 
of .the curve increaseSj thus further compressing the counting rate range 
oytr which informa-tlqn is recorded. This process of increasing the amp- 

^ lifier gain serves Co enhance the differences in film density eorre= 

sponding to differences in isotope coneentration-- thus the term con- . ^ 
trast enhancemeiit , It must be remembered s however , that although the 
preceding is true, statistical variations in coun^ng rate are also , 
enhanced on the film by the use of ffery high gain settings. ^Conse-^ ^ 
quentlyj the use of contrast enhancement ^ to.,:4n. exc degree may 

eause artificial variations in the optical density of the film. 

Scanners with a fixed dc amplifier gain are set fe'o\^the 0. D, 
reaches 0,1 at zero cpm: i.e,, the useful range of the film is spread' 
out over the counting rate range of E,ero '^to the maximurii counting rate 
of interest. This way alT the pulses from the pulse height analyzer 
are recorded on film and no information is-discarded* 

Some- scanners have the capability of cutting out the contrast enhance^ \ 
ment portion of the photorecorder' ' altogether (i.e.j ra t erne ter and dc 
amplifier). In this case, the voltage to thi CR¥ rlemains constant /• ' ;■ 
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. throughout the scan and each mark recorded on the film produces about 
the same ©ptical 'density . Film contrast results from differences in 
the degree of superposition of dqta caused by differences in counting 

. rate. • ■ ■. - ^" .'. . * ■ ' ^ ■ / ^ . ■ • ^ 

3. Other ricording mechanisms' 

In addition' to the routine dot and photoscans, a number of other methods 
may be. used for vhandling and displaying. scan data* . One process currently 

= rece±vin g wid e spread"^! n"t ere st ' 1 s~^ digit a l e c b r d 1 n g o n ma gn e t i c t a p eT ' " ~~r" 
The advantage of this is that the data can be recalled :atid displayed in 
a number^, of ways with varying ambunts 6'f background erase and contrast 
enhancement, without destroying the original data. Readout devices 
available for this Include oscilloscopes with a Polaroid camera attach-- 
tnent to integrate the counts and retention oscilloscopes. (Retention or 
^'storage'' oscilloscopes have a l©ng decay time ^phosphor which will hold = 
an image for up to 20 minutes. This allows for visualization of the 

'entire scan on thfe scope itself.) Data recbrded on magnetic tape, may be 

'.processed by computer to obtain counting rate profiles » etc. Also, 
closed circuit television may be. us id to view a photographic scan under 

, different cpnditions of contrast eniiancement by varying the video gain - 
of. the iy#tem^. . ; ; ' * 

XII- STAT lON^Y. IMAG LNG DEVICES^ AND HIGH-SPEED SCANNERS ^ v . ^. 

During the= past fej^ years^ several attempts have been made to dieslgn ■ 
scanning i.nstrunients -which have increased sensitivity oyer the conven-. 
tj^orial rectilinear scanner yet mal itain acceptable resolution. Two 
types of instruments have emerged^^sfeationary imaging devices which' 
utilise stationary detectors l^rge enough to cbveir an entire anatomical 
area 'of interest ^ and high-speed multicrystal ,, icanners which are . actu- 
ally rectilinear scanners but are generally 'regarded as comparable to 
the stationary .imagipg devices. I x_^— ^ 

A. Statiotiary Detector Imaging Devices i ' . 

Three types of stationary imaging devices are Commercially avMlable at 
present — the scintillation camera, the digital autof luoroscope^, ^and the 
image convertet gamma ray camera. ^ 1 * 



:i^a 



1, Selnt illation camera , , ■ ^ ■ * 

a. Detector and ^posltaoning electronics 

The scintillation pamera was developed by H, 0, Anger working at the 
Donner Laboratory ^ University of California. The commercially available 
version of wie scintillatiori camera employs an 11%^ Inch diameter by h 
inch thick Nal(Xl) crystal which is viewed by 19 phototubes in a 
hekagona^^array^ Because of the thin crystal , the efficiericy for high- 
energy radiation is low. When a gamma-ray interaction produces . light in 
the crystal 5 each phototube will respond by producing an electrical signal 
proportional in magnitude .to the intensity of the light incident on its 
photocathode.-. Obviously , those jphototubes closer to the actual locatlbn 
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of the interact lon= in the crystal will produce M 4argeK signal ^than/ 
those farther away* The result is. that each of. the 19 phototubes p^ro= 
duces a signal whlcH Is inversely proportionai , to 'the square of its 
distance from the site of the interaction. &ach of these. 19 signals - = 
is divided into 4 componen'ts : - , X~ 5 j Y , These are then^ added , 
vectorariy , by means of a capf citor net^orJi Co form four positioning 
signals* (See Figure IX-8.) The X^ and X^^lgnals are^ subtracted by 
means of a difference circuit to yield a tesultant' X posit ioning signal, 
A V pbsitiontng signal is derived in the same manner. These X ^nd Y 
signals are then applied to tHe dellection. plates oF"~4 cathode ray tube 
In an osQilloscope causing thji electron beam to strike fhe face of the 
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Figure IX-8 . =-S impl if ied Blpck piagram Illustrating the. Principle 
, of Operation of the Scintillation Camera 



tube in the same relative position as the site of the interaction In the 
crystals ^ The four positioning signals are also added- to form a Z signal 
whichli^ analyzed according to height. Consequent ly , only those pulses 
that fall wdthin the window of the pulse height analyser (photopeak 
pul'^e-s) cause light, fla'sheg to appear on the face of the cathode ray 
tube. " In more^recent models 3 .the difference circuits have been replaced 
by ratio circuits which divide the resultant X and Y signals by t} 
signal. "This make the positioning more' independent of pulse hej^nt and 
allows the use of wider windows* 




A Polaroid camera is mounted onto the oscilloscope and theffidm Inte^^ 
grates the dots =as they appear on the face of the cathode ray tube* 
The intensity of each dot is adjusted by an external control on the 
oscilloscope. Anywhere from ^OjOOO to several hundred, thousand dots 
can be recorded per. pictures depending upon the type of study performed, 
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B, Collimators. ' 

T^g^ypes of collimators are usad with the sclntillmt.ion camera--a 
muXtiple holi,. s traight-bore^ collimator , and a plnhQle collimator, 
Tha stralghfc-bore cpllimator is used to visualise' larger ^organs ^ such 
as the liver, brain, etc.; thb pinhole collimator is used. for - ^, ^ ' 
small areas, such as the thyroid gland. ■ ^ ■■ ^ 

Commercially available s teraigh t-bore collimators are 6f two types : 
the IjOOO hole cpllimator, with relatively thick lead septa. Is used 
with high-energy gamma emitters , and a 4,000 hole coll trrtator Is available 
for use with low=energy gamma ^emitters. Unlike the focusing collimatpf ' 
used with rectilinear scanners/ the poin^- of> best rasolutlon of a , 
straight-bore collimator is at its surface. • 

The pinhole collimator, des igned specif ically Mr thyroid work'^ works 
on ithe same principle as. a pinhole, camera (see Figur^je IX=9*) Instead 
of light rays passing through a pinhole in ah opaque box and producing 
a latent image, on photographic film, gamma rays fTom a radioactive 
source concentrated in the thyroid gland pass through a pinhole in a 
lead .collimator and ii^^ract . in the Nal crystal- .The collimation. is not 
as perfe-ct for gamma r a y?" as it is for lighc.and some Tadiatlon will 
penetrate the collimator. The pinhole* collimator is available with 
three . pinholes arranged to produce two oblique views of the thyroid, as 
well;^s a straight anterior vle^* . ' 

2, Digital autof luoroscope - ' ^ 

The digital autof luoroscope, developed in 19625 is a stationary imaging 
device designed to be more efficient for high- energy photons while main- 
tainting the high sensitivity of the scintillation cafhera, ^ 

a. Detec tor^coll Ima tor . 

The detector .consists of 294 sodium iodide crystals, each -f- Inches in 
diameter and 2 inche?^— .thick . These are h^agonally placed in a 6 X 9 
inch array, with 1 cm center- to-center spac^rng. The 2 inch thick cry- 
stals provide a'two=fold increase in efficiency over a inch thick 
crystal for 385 keV phdcons of "^^I, This factor is not so important 
for lower- energy gamma rays. ^ 

The colllniator is a 3 incli thick lead block pierced by 294 con- 
ical aperturas--one for each crystal. The apertures are tapered from k 
inch on the crystal side to % inch on the patient sidei 

The resolution of the system is equal to the resolution of the crystal 
arrayv- Point sources , placed in adjacent collimator apertures j are re- 
solved as two dis'tinct areas of activity on the display osGilloscope, 

b. Data transfer and presentation . ' 

In the early model of the autof luoroscope, electron^ positioning and 
pulse height analys were accompllshBd in the same manner as with the 
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Figure K- 9, --Pinhole Collimator 



scintillation' camera . A more recent version uses a rank and' file co- 
incidence method to determine in which of the 294 crystals a parti^ ^ 
culir gamma ray is detected. Then the counts from each crystal are 
recorded, in digital formj in a magnetic core memory system. The iata 
can Chen be read out nondestructively on a retentJ.on oscilloscope With 
amy^ desired amount of background erase. The system allows for .integra- 
tion of counts over selected areas of the scan, and for recording the 
counting rates froni* these areas as a function of time. 
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3. ■ Imagepconverter gama-ray camera.. ■ . •. ' , 

In 19^35 a camera was deveiqped; to re.cord the image (of low-energy 
gamma emitters) shown on ah S inch, image-amplifier tubep This 

^ tube has -a thin phbiphor Inside a glass_envel^pe which is sensitive 
to^ rays . and low^energy=-gamma rays, A mult/ho.la straight--bore 
c&l.lipator/ is used to project an imagd.of the^subject on the phosphor. 
When . a photon Interacts within the , phosphor , light is em.i.tted which 
causes electrons to ba ejected from the "photosensitive surface of the 

•phosphor* These^ eleetfrons are accelerated and foeused onto a smaller 
phosphor-'coated spreer> . resulting in mbre int&ns.e^light flashes. The 
intensified flashes m-ay be integrated^on Polaroid film or the image 
may be viewed Instantaneously on "a monitor by means of an Orthicorr system * 

This instrument: is^^or use only with Ipw-energy photons, such as the 27 
key K .rays. from.^^'' l, ■ The detection efftciency of ^the phosphor is very 
low for medium- and high = energy gamma r^-^s;^ ' ^ 

B* High.-Speed Rectlliriear Scanner, ' ^ 



Another .approach to increas ing . the seasitivity of a scanning systemj 
without sacrificing resolution, is to use a multicrystal detector with . 
a focusing collimator for each detector^. Such a scanner is available 
cormnercially . Ten Nal crys^tals are arranged slde-by-slde wit^ a dt^= 
tance of 1 inch between centers. Each crystal has its own focusing 
coll^nator^ and phototube, as- shown in Figure IX-10*. The entire detector 
asseifibly moves across' the pa t lent , scanning 10 lines at once, 1 inch ^ 
apart. \^ . ^ [ 
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Figure IX-10,*-Ten Crystal. High = Speed RectlUn 
= Scanner Detector Assembly 



The detector assembly then moves a 'preset longitudinal distance and ; 
traverses in the opposite directionj etc*^ until thS' spaces between", 
the original 10 scan lines have been ^filled in. In this manrterj large 
organs can be scanned in a fraction of the time required with a con- 
ventidnal rectilinear scanner. The time savings for scanning small 
organs and glands is not as great. * ^ - 
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Obviouriy, to obtain a Ufa-size photographic; .sc^^^ direc tly ; wouia. nec- 
essitate having 10 photosffanners;traversing.|the film simul^taneous ly • 
■Instead^ the output from each phototube iB W^lvzed separacely and the ^ 
counts, are stored on magnet io; tape. -Thenf the data can be recalled non^ 
'destructively in any one/of a number, oi .ways ^ 
oscilloscope with Polaroid camera actachment/ 
or tlosed^ circuit television, ' ' 



prBviously discC^Saadj' viz, 
retention', oscill^pscdpe , 



IV. ■ POSITRON^ SCANNING 
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, The annihiiafion photocis from positron absorption (Chapter '.\^) may be 
utilized to pinpoint the, location of the absorptiofi event in tissue^^ 
Advantage^ is taken of the fact that the annihil^ ^ ' 

ted^ back-towback and\simult.an&ously, ' JhusV two 
180"; relative to each other maybe used, in conj 
dence circuifi (see Chapter VIJI) 'to detect annlh 



tlqn phcitons are emit- 
detectors stationed at 
unction with a cDinci- 
nation events. .Figure 



IX- 11 iriustrates the general arTangement -o"f such a system. Of the 



in the sourcej only ''B*' 



three annihilat ibn events pictur#d4#j.vQccurr^^ 

will re^lt in an output pulse from the discrimilnatbT, since Itwis^the 
only oi^ which results in a 0.51 MeV photon be ihg absorbed ^in each crys- 
C^^€^uently, the two pulses arrive^ a.t thef ' 



tal; 

deat cirrcui^^simultaneously and an output pulse 

■ ■ *' -- " • * 

Any rectilinear , scannet or imagine device wtjich 
mounted-on opppsite sUdes of the patient may^j^ 
tronic mod if ^cations j be used for .positron scan 
necessary. -The.:.resoln2Cion is determined by.^the 



Inputs of the coinci- 
ee suits.- 



illows for detectors, 
th the appro.pr ia te' elec^ 
tin p.ng , . No., coll ima t i'on i s 
i z e b¥ ' ■ t h e . c r y s' t a 1 s , 
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Figure IX^ 11 , --Block Diagram of a PositrQn S 



canning System 



„ The sensitivity of this system is more nearly uniform' throughout the . 
region between the vtwo crystals than^^ls ^the case^ pith the single^ ' 
.detector, focus,ing-col lima tor ^arrangement . In .the case of the scintira.' 
aation camera with a conHner^taUy Avkiia posifcron attachrftint , it^ irs 
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pdssible" to' obtain/a tomlbgraphifc eff ect^ 1, e* ^ one plane is in sttarp : 
focus jwhile the other pjfanes are. superimposed but blurred. The plane ; 
of best ^ocus can be set. to any^ desired level by adjusting an at-. 
Cenuator In che electronic clrcuita, , , . 

Posicron seanning has received' its greates^se in brain studies, lio- 
topes that have been used^ for. this purpose arer "^^ASj Cu, ^Ga, and 
:^Sf, among ^^t^^s. On#i#isadvantage to these materials, compared to 
^:®? Tp-and o^t^'gr^ ^'pure'- gamma emit ters , is the Increased patient dose 
from the absorption of the particulate ra4iat-iem^^ Positron scanning is 
.not a frequently »JSed technique at. this time, ) 
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■ . .\ . ; ^^ NUCLEAR eOTOTING STATISTICS , = , / " ^ 

I. immmcTiow \ \^ ^> : v ' ' ^ , ' - , - ' 

The statMtical riature Qf radiok racognized ; soon af^er ; 

^ the discovery of /radiQacCivlty * In .^act , the' Laws of radioac^tlve decay 
(Chapter in) can ba.^dedueed strictly from .statistical cohslde^ations , 
proving it a statistical relationship subject to the laws of chancers 
^Hence^ in any sample containing a targe number of radioactive . atoms , 
some average number will dig,in£egrate per unit time. But ^ the ejact ^nuro- 

. ber ^which disiotegrate In any aiveri unit of time fluctuates ground' the 
ave'rage value. ^ In counting- ipplications ^ it is? importatit to estimate 
thts^ fluq^tuation because it indicates the repeatabiiity of results of 
,0 measurement, ' 

PREQtJENCY DISTRIBOTIONS ; ■ ^ ^ ' ■ ■ / \ < v / 

• ■ ^ ^ . _ , ; ^. ■ ." ; ■■■ - ^ ^'^--^ • •• ^ 

If one^ plots the frequency of^ occurrence of values a:gainst '^the values': 

themseiv^es for a series of identical measurements of a statistlqal prqc- 
,ess, a curve wi:^ ^re suit- »the frequency . Jlstribut ion curves Many pta- 

Cistical .phenomena tonfbrm to certain standaid, frequency/ distributioHa 
.If this distribution is kno^, certain inferences about a population may. 
ybe made" by observing a small sample of the population. In nuclear 
.counting statistics s frequency distrlbutidns .of interest are the normal, 

the Poisson (pronounced PWAH-SOM ') . /and the chi-square distributions. 

A. Normal Distribution ' ^' 

The normal distfibutipp describes mb%feJ statistical proce^ sis- having a ^ ^ 
continuously vvying) magnitude . If onff^^plots the frequency dlstrfbutlpn 
curve for a ^arge numb^t^ af ^ms^^ wht^h conforms to' 

the jiormal distributions ■la- flm^ to *the'" 

.QnB;/shown; tn:EVigtire X This Is 'pe normal digtributlpn . 

curve. It is characterized by tm independent parameters f the mean (m) 
and the standard deviation £0) . 

l^' Mean ^^r,V^V ' * - \. . 

.The mean is the average value of the quantity under observation. For ' 
the standard norma,;' distribution Ci . e , 5' synm^trical. about the mean), the 
mean value Is the one that occurs with the highest, frequency. Since 
in reatt^ty we observe only a^pqytlon of the ^population , we estimate the^l^ 
mean by a numerical a\ferage Cx)v'/' *v 

■ . ... " ^ 

where is- th^ value of the measurement , ^n is the, total number of 
observations* 
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Fi|ure X-1 , --Normal Distribution Curve 



2. Standard daviation 



TtlW'^'tanid^rd deviation isudefined as the :>qu^re mat,of^ft\i^. 
the squytes of thd indwl^Ual: deviations fwm the mean 
jnacicailyp/this is \ ' _ ^ . 



average ^ of 
Expressed' ma the- 



(2) 



where m is the mean value , is the value, of the i'^ meBsurement , and n 
is the total number of observations; As with the mean^ we_ must estimate 
0 from a finite- ^number^-of observations The best estimate^ a is called 
which .is given by 

(3)' 
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The. use of n - 1 in thfe^^ denominator results from the use of (x) instead 
of m an the numerator In other words, we los^- one degree of freedom by 
escimating m with knee m and a are independent parameters which ^ 

characterize the normaT distribution., iX Is possible to have an infinite 
nAimb^r of values o£ a for^a given mean . However^ the smaller the .stand- 
ard deviation, ^ the greater the reproducibility of the. measurements*; -If . 
one ^vers one 'st|ndard., deviat ion on each s|dy ^ th^' mean of a, standard 
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K5^?j^^'^K^;;r^^P^.^^".^" - The prac.trcaf s^grvpt^an.ce ;6f ^t^^^ isr 

a ser-ies of .^^aormaLL^'dlstribU ' 
m^q^s' 'by^-^^ the standPard davlatipn by'^Sje , ^l:t' can^be sa-id ' 

Kith 68%;^6nf tdenci that - the true; mean, ualue^ ^ of the' quan tt^ty; Ides between 

; i 's^ , ' 'Like^wise , it^-ean, bi' %aid-:vi:th 95% cgn|teehce>.^thi^ truje "meah^ 
Is. %otnewhere betwa^in x ± '2'sx 5^ etc . t^'-P^^^ - "•:'#r' 

B . ^ Eoisgon- Dls tributigOn - ^ » - . .vv^ ^ 

.The -PoLsson distribiiti.on -eq^^ta^^ V '\^ .' v'' " " ^" . ^ • y 



" -e^):;.^ : ' : , .(4) . 

where ;PCk) . is ^ha^ pro^alntity ^^^at. a given value in a series oi o%gj^vvB^^l 
• tions wil I oe.cdr:-|K \tiine^r^ The^Soissbn d iatribut (ah adequately predlc:t:s- : 
. ■ the f;requency dis'tribution resulting from the ^ohservatibn at a lara@'^'^:^.'-■ 
^^^ number of evervts whichj taken singly^ have, d/'imall but constant likelti^ii- 
■ - .h^ood of -occurrence . The Poisson distri^u||t.on is charac rlzed by dMy ■ 1.' • 
■/V-ohs'--pa^afneeer--th^ meanV T:f the def ih-ifebh of s tandard . devlat ion "(11 .=A-V2)" 

is applied to \ the Poisson' dis t^ibution equat ipn ,/ the f 0 14 owing " 
. expression results: . ■ ■ . ' ' J ' ^ 

Thus, the standard* deviael6n for the Poisson distribution depand'S . on ■;. the " ' 
mean. It can ^hav^'.'0nly o,fie^va^ue for a given ^mean value. Another" dif- 
ference between rfche normal; and Poisson^ dis^tnil^^i^ th^t"m and "x must 
be integers, in "the Ppig^pVi distributL6tfi''%;Mpj^ - 
a .^cont ^^^^^^ne> =^ . ^/'-'v^;.*' ^^/f-' 

I&^/oart b^.s,fhowtv>that radioactlve>decay ofieys the Poisson distribution 
l^vik M_,ojh^'A^&^vvBs sample containing a larga^numbe^r of . radioactive 

...^atpms for. a period of time' which is sho'tt- compared to' tlie half -life / thea 

^ the probability that a single atom will decay during the observation time 
is small but .constant for equal time IntervaTs* Also, only integer^ nuiri- ^ 

^ 'ber§ of atoms decay In any time period* \Hence:Js nuclear disintegrations 
obey .Poisson statistics. If 5 however, the meari: ■number of'observed events 
is moderately Large , say .106 or ^more ^ the Poii^s4ri^ ^distribution is ade = 
quafely approximated by a special normal distributibn for which a ,^^-\J^^ 

, ,0^ ih terms of our estimates of these, parameters , ' 

The approximatlahvls ■ usually consideTpd acceptable If >Me mean value is 
20 or greater i'V^.'Ehis/ is - the prs^^^ method for handling nuclear eountihg 

data, since it^-is less .compieK with, the' Poi^sjon distribution 

directly^ ■ . . ,,. - ■- ^ 
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-jOR Nuclear Counting St^tlstles 



Tha foirQwing: symbols will "ie usad throughout: thfe. remainder of this " - 



chapter.: ^ 

N V, tptal cbunts 



t .^j counting period^ 

N- ^ 
n^^. cpunt rata 



tha sdbicript ^ i^efers to .^^^ plus backgrQund count (gross 

^ coiiifit) b"re|er% to the background/aount alone^ and s^ref era .to the net : , 
7sampEa^\c^unt^^ ftaturaLly, s must be obtained by aAbtractloh^ ainca. lt 
impossible :to; observe diracbly the sampla "actiu^y apart from tha ever-* 
prasinit hackgro^nd, . ^n^,^^ v \ ; 

A. ^StwdSrd Daviation in Total Count, (N) ^ " ^ , ■ . 

: f rom :Equatipn (6.) the standard deviation in the no tal sample plus; background 
tount s. Sj^ V is given by V , . 



(7) 



and the statidard deviation In the total background count, s^^ , Is calcu- 
latad' from \ ■ ^ ■ ^ : : . ^ ^ 



B- Standard Deviation in Count Rate (n) 

To obtain the standard^deviation in the gross count tate, divide both 
sides of Eguatioti (70 by the counting period. Then^; * 



'-Pi -'^-^t V t,3 W t. 



X — . (9) 



But , * n 

■ ■ 



Thereforay Che standard deviation in the .gross count rate, s^^, is cai- 



cul^ted.as follows 



n 

S 



Similarly, the standard deviation ^in the background count rate, s_^,, is 
giVen by . ^ ^ . . . ^ 
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C. .Standard Deviation in Net Count Rate (n"g) 
The net count ratei n^ , is given by V ; ; 



Nojtlca the OQunt ,_ratea are used , because total coijnts cannot be subtracted i 
unless the count^g periods is the sama for -Sample and background . This is 
rarely the case . The problem here is one o£ cqmbinlng the statidard devla- . ^ 
tions in the gross count rate and the background count rate* The methocj' 
of comblhlng standard deviations s^^ ^ to obtain the gtandatd deviation 

in the sum or difference of . two measurements ± Kg ii; 



Thus,' by combining Equations (10) and (11) f one obtains the following expresaii 
for Sj^j s the standard deviation in the net count ratej . 



' ■ ; (14) 



Example r V 

Given the following data, find the standard deviations in (a) the total / 
gross and background counts, (b) the gross and background count rates, 
and (c)' the net count r;ate* Report (c) at the, 95% confidence level . 

/ ^ 40j000 counts, t^ ^ 10 mih* ^ ^ 

3j600 counts, t^> 20 min. 

(4) ^ ^40,000 - 200 counts ^ = 

^ V 3 3 ^ ^0 counts 

(b) ' n. - ^2^= 4,000 cpm - ' ■ ' ■ 



3>600 , a„ „ 
2q - 180 cptn 



, . _ / 4.000 _ 

. /' IBO _ , 
'n, " V 20" r , 3 ^P"' 
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^ (c) ' % = ^('20^!^ +. (5)^ r 20 .3 cpm 

: Therefo^- ^ 3,820 ± 4Q'."6 cpm at the. 9$%^ ''confidence level. . . 

Dl. FTactiorialfe Standard paviation and Pe* Cent Uncertain'ty = 

It is sometimes convenient to express the uncertainty in admeasurement 
as a fraction of the quantity itself* This is called the fractional 
standard daviation. (FSD) and , is determined as , follows for^ the ne»t^ count' 
rate I ^ . 




where k is the number 'of standard .^eviatidns required Co gi^e the.' desired 
. confidence level. The uncertainty eKprass^ed as a percentage of/ the total 
is obtained by multiplying the FSD by 100* In the previous example ^ 

(FSD)fsj^ ^ 40i6 4- 332^^^0:0106^ . ^ - ■ 

the uncertainty , in the determination Is 1,VQ6% of the net count rata at 
thfe 95% cdnfidence, leyel, . _ 

Other Useful Parameters . ;;; / ■ ^ . 

1^^ 'Mo^t probl€le= error ■ - ! ' v . ^ ' - ; " 

The quantity commonly ; referred , to .as the most probable error is the . 
deviation which cor-rasponds ' to that value whlch.wlll probably be exceeded 
on repeat maasurements * ' In o^ther ^^ordsj it' corresponds to Che Value 
which i if taken on each' aide of t^ia mean, will Include 50% of the area 
, under" the normal , distribution curve * EKpre'ssad fin terms of the standard 
deviation, the most probable .error is equal. to 0*6754 

; ■ # .\ ' ^ ■ ' V ^ ■■■ - 

2> - Nirie^ tenths error// ^ - ' ■ , ■ . 

.,;Tha nine^teritha /error is the uncertainty which is expected to be exceeded 
^ 10%=of the time on^rapeat measurements I; it is 1,64 ff*; 

/ ^ ■ ■ . : ■ ' ■ ^y/ :;■ - \.y-';:y^\ ' = . ■ . 

F» The Chi^Square Test of Gopclnpss of Fit - " ; - , -. ^ 

One' o^ the m-ost i^ortant applications of statisti^cs ''t& m^aauremerits is 
the investigation of whether o'r not a particular sat of measurementa^f it 
an assumed. distribution * The test ,mo%t of ten used for this purpose on ^ 
nuclear counting data :iS: Pearsdh's chi-squara test . \ \ :- 

The quantity X is defined as follows: 




[ (observed valufa) ^ ^ (isxpected value)t ]^ 
(expected vtlue) j I r, - 
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-Where , the iunta.a is over the tptal number, af independeTic- observa 
tlons , The expected vaiuea are computed .from., afiy assumed frequency ' 
distribution. For nuclaar couriting., data, the .assumed distTibution is- i.. : 
the P.ois^Dnj hehca the expected' value is equal to W-^ . the average number 

;of counts ;racorded per: interv/al .^ T^ / ■ . p ; . . ^ . 



5 C^i - 5)^ 



where n vaiuas of.^ aye observed * = 



The data should be subdivided into. at, least five clasiifications , e^ch 
i^co^tadni^ ^: 

The Steps in apply.in5 Pearson/ s chl-square test tp countihg data are as 
follows: ' V " 

1 . Gompute X ^ 

. Compute X ■ f^om pqijajtion (15).* 

■ 3. .Datermine t^e degreea of freedom (P) » ; ; ■ ^ ; , 

: is the number ■ of ways: fhe observed distribution may. differ 

from the assumed^ In our application j P ^ n > 1-. 

4, From* Table X-1 5 with the values of l.nd F 3' .determine P. . 

P is the probability that largar deviations than those db-. 
served would be expected 4ue soleiy to chance if the ob- " '\ 
■ served* distribution is actually, identical ' to the assumed 

'^distribution, Frop this' definitions it. is obvious that too " 
littlie. deviation is possible . as well as too much. ,The^ ' 
close^ P is to 0,5, the better the bbserved- distribution 
/ fits* the assumedj 'for larger, deviations than those observed 
are just as likely as nQt# The interpretation' of P is for 
0,1 i P^ 0,=9.j the observed and assumed distributions, are 
' ; y Very likely the same. If P. < 0,02 or If P > 0.98^ the /equal- . 
Ity of the distributions is very, uniikely. Any other value 
of PVwould ^call; fipr additional data to better *4efine the. 
. . ' gfa served distribution * ^ " ' ' = . , V 

An example -of the use' of Pearson's test is as follows.! The data *in the ; 
folldwing .table are^'^^ minute cqunts of a standard ; 

source m^de with a G-M laboratory counter, - We wish to determine whether 
^these data reflect proper instrument operation. The cht-square' test is 
appj.ied as shown on page 113 . : v • = = ^ ■ • 
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. . ■■ ■ TABLfe x-l.t-TabU of •Ghl-Square Values* 



Number of 






_ - ■ ■ ^ -. _. - 

Probability 


~ ^l- 




















. » ■ » 


0.99 , . 


0.95 


0.90 


0.50 


. 0.10 


0.05 ; , 


p.Ol". ^ 


• . ■ - . 3' 


0.020 


. 0,109 


0.211 


1.366 


- 4.605 


. 5.991 


9.210 


4 


0.115 


0.352 


-0.584. . 


■ 2.366 


6.251 


7.815 


11.345 


5 


0.297 


0.711, 


.1,064. , 


, 3.357 


7.779 


9-488 


13.277 


6 


0.554 


1.145 


ti.$io 


4.351 


9.236 


11.070 


.15.086 : 




: 0.872" ' 


' 1.635 , 


- Art i 

y 2.204 


§■348 


10.645 


12.592 - 


46.812" 


8, 


i.239 


2.167 


' 2.833 


6.346 


12.017 


14.067 


18;475 u 


9 ■ 


1<646 


2.733 


3.490 


7.344 


13.362 


" 13i507 ' 


20.090 


, 10 

■ ■ 


2.088 


3.325 


4.168 


8.343 


14.684 


16.919 


21.666 


11 


2.558 


3.940 


4.865. 


9.342 


15.987 


18.;307 


23^209 


■ '12 


3,053 


4.575 . 


5 578 






19.675 


24.725 


13 


3.571 


5.226 ' 


. 6.304 


11.340 


18.549 


21.026 


26.217 


. el ^ 






7.042 


12.340 


H 19.812 








4,660 

■ / 


. 6.571 \: 


7.790 . 


■ 13.339 


21.064 


23i685 . 


29.141 


16 


'J - . 

5.229 


7.261 


8.547 


14.339 


22i307 


24.996 


30.578 


17 


5.812 


7.962 


9.312 


15,338 


23.542 


26.296 


32.000 


. 18 


6.408! 


.8.672, 


10.085 


16.338 


24.769 


27.887 


33.409 ■ 


19 . . 


7.015 ■ 


9.390 


10.865: 


17.338 . 


25l989 . 


28,869 


^ A OAS 

.34.805 


20 


7,633 


10,117 




18.338 


27.204 


30.144 


36.191 


21 v-^ 


^ 8.260 


10.851 


12.443 


19.337 


'28,412 


31.410 


37,566 


22 


.8.S97 


11.591 


13.240 


20.337 


29.615 


32.671 


38.932 


23 


9.542. 


12.338 


14.041 


21.337 


30,813 


38,924 


40,289 . 




10 106 


13,091 


14.848 


22.337 


32,007 


35.172 


41,638 


25 


10.856 ^ 


1 3.848 


15.659 


23.337 


33.196. 


36.415 


42,980 ' 


'y 


11'. 524 


14.611 


16.473 


24.337 


34.382 


37,382, 


44.314 . 




12.198 


15.379 


17.292 


25.336 


35.563 


38.885 


45,642 


28 


12.879 


16.151 


"18.114 


26.336 


36.741 


'40.113 


46.963 


29 


13.565 


16.928 


18.939 


27.336 


^37.916 


41,337 


48,278 


30 


14.256 


17.708 

_ . I 1 


19.768 


28.336 


'39.087 


42.557 


49.588 



^ . ~ ^ -^--=-------^--^ — — = — .. ' : - ■ " " ' ' . " - . . 

•Usually tables in statistleal t^cctf ^va the probability of obtaining a value of X as a timctlon df , the 
number of de^es of freedomjp rather than ot n, the number of ^plicate deter mlnitiOTii^ to using iuch texts, 
the valui k df should be taken as n-1, , 
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. 2,520 






1,484 . ' "r" 






2,520 








' 10 




















1,484 

252 


= . , 5. 


9 ^- 






10- 1 


* ,9 






From Table X-1, P^^ 0.72. Thui 


u wa conclude 


that the data reflect proper 
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.instrument ^pe^ationt | ^ 

G. Minimum Detectable Activity • . , . . 

Minimum detectable activity (IfflA) la defined as t^e activity (usually in 
mlcrocurias) which will result iri'a count rate significantly different 
from backgrQund for a glvan counting tlme^. If the sampl e count In R time 
is ;to equal the backgrouhd counting time j MA = (k -f t)ij -f t^ ^\ where 
k is the number of standard devlatlona correspdnding to the chos^A cpn-^ 
fidence level , and f is : the calibration factor^ for the Instrument (£ has" 
units of cpm/|j#Gt) * , ^ ^ , = . . 

H. Application of Statlstlci to Ratemetar Rfeadings 

In a manner completely analogous to the derivation of the standard devl'a-^ 
tion In the count rate from an integral counter, the following .axpresslon 
may be derived for an instantaneous ratemeter readlngl , - 



m . ' 

where r is ■ the ratemster reading In counts per minute or counts per sec- 
ond^ and RC is the time constant of the ratemeter In appropriata time = 

units , . 



^ U 
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^' jOna way ^torconti^ precision t)£, a^ ni^leat 

-ticountinfvinstrument is control charts, A statistieal 

^^ontror .c^rt permits a periodic check to see ^if the observed . fiJuGtua- 
' tlon in thfe counting rate from a constant source^ of radioactivity Is 

consistent with that predicted from statistical considerations * Tfi cdn- 
: struct such a chart, it is necessary flMt to make 20 or 30 independent. ; 
/ measurements of the same- source keeping tbe counting time constant. 

Then a chi^square test must be performed on this data to Insure proper - 
■ instrument operation. at the outsat* : Once^proper oparation Is. establishedV 

the mean counting rate and -the standard devlatiofl are calculat the 

data , Next^ a graph is cons tructea as^hown . In Fl^^ daily . 

^;-;jCO^ting^^^^ 



5 + 3 €7 



8 



X - 1C7 



X • 2a 



X - 3ff 





■ " : ' -- 
■ '' ' ■ * ... 










\ - -. . ' ■ ' - ■ . - * - ^ 




; > - ■ . — - . , 












. ■" - 
1 1 1 


1 1 1 


5 15 ; 25 
APRIL 


. 5 15 25 , 
. MAY . .... 



DATE OF DAIL.Y GOUNT 

Figure X-2, --Control-: Chart 
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\. ■"■ -'- ' ' ' Nuclear Counting Statistics ' . ' i\5~ . 

It is t^ise to iabei "the abscissa In calendar units to facilitate retro- ; 
. spective analyses, ' ladividual dev'i frotn the mean .shpuld not exce^d^ 

' one . standard deviatipn' more than . 33% of the timej two- ifand^rd deviations = 
more thari "5% of the time J etc* If a measiirement falls outside the 95% 
'(Zff) line . it should be rispeated , Since there is one chance in . 20 that a - 
; single value will fall outs^ide these limits by chance alonss the chances " 

3 "pa one in 400 that such wLXX be the case on. two successive observations, 
enca /two successive measurements outside the 95% control limit ia suffi^. 
ctent c^use to suspect anomalous data. One should also watch for trends,! 
/in thie data^ i*0* ;i gradual but .consistent ffiangas , in either direction* 

One xeadiiy available source for*cohstructing' statistical cohtrol chArts , 
is the everv-present background radiation* ^ it is Important to; measure / 
background ai least daily on a routinely, used Instruments ilnce certain 
; causes'^ of /erroneous data (e.g. , contamination and eScternal sources in the 
area) are/rieflected in changing background count rates, . )\ 

^V,* SUMMAftY^ V ; : ■ / V/ ^ / --^ \ : 

'The application of statistics to nuclear counting data Is mandatory Co 
the precision with which measurements are made* It should be emphasized - 
that -O^ly the uncertainty /,due to the random natur;e of ^the decay process 
is considered in this chapter,- If other significant sburces of uncpr-. 

italrity are presehtj such as timings they must be/dealt with, separately , 
and^ Included in the overall estimate of the accuracy* \ ' 

. V _ - ■ ■ 'i V : [ ■■ -;/ . . ; ^.v , \. ' = ^' ^ 

SUGGESTIONS FOR FURTHER /READING . .. / : 

1, Chase s GV D , J and Rabtnowitz , J.*. L* ^ Principles of Radioisotope 

Me t hodo 1 ogy , Burgess Publishing Co . . (1965) , chap, 4. ... . 

■ 2 . W.'ij'.nur . H. N, , , Principles, of Nuclaar Medicine , W. B, Saunders Co. 
- . (1968) , pp. '3&-44. ^ • / . r- ^ V V , 

3. Quimby, E. H, , and Fe-itelberg , S.j Radioactive Isotopes, in Medlblrie 
and Biology , Lea and .Feblger, Vol,-l (1965), chap. I4, 

4'. Biahd, W. H.., Nuclear Medicine , McGraw-HiU Book Co. (1965) , pp. 74- 
. , -80. ■ ■ ■ V ■ ^* , ■ ■ , 
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I. INTRODUCTION ' ; ' " ' : ^ /'r'- 

Counting applications Aay be divided into two categoriesi in vitro 
and in vivo , In vitro coun tin g rt f e r g to s amp 1 e s of maf e ia 1 s that ■ ; 
are cquntad outside ^ the Living organism,* a , g , , blood , urine , f ecfes ^ \ , 
, etc.. Such samples are^ usually pt^ared in a test tuba 5 plftnchet s or . 
other cpnveaiant counting vial * ( vitro meiinB glass) and counted in 
some type of laboratory counting system, In ^vivo CQuritting>- hare rafers 
to the assessmant of radiqacti'^ity in all or. some salaqted part ' of ^ 
the- ii^ihg drganism v - I t ing wi LI be discus sei in - Chapter ' ; - 

•xii^.- ;--'V ' ■;■ ~_ : ■ : _ ^ : . . \- " ^ ' 

11/ ABSOLUTE COTOTING : ■ 

This term means the absblute disintegration rata of a sample will 
be- determiniid rather than iljsply the relative c9unting rate, ;CEt - 
permits a quantitative assessment' of the sample ' s radioactivity , 

A, Ovigrall Efficiency ^ - 

In order to do. absolute count ing j the overall efficiancv of the cpunting 
systfm-must be known. Ovarall efficiency (E) .is. defined as followsi 

: W E ^ cTpm ' , ■ ' . : - • ■ 

' r . - " ' ' dpm ■ . . : . 

Hences tfte sample disintegration rate is obtained by dividing the 
relative cotirit rate by the efficiency factor. Several factors affect 
the overall efficiency of a counting system, 

1, ^ Geometry ..^ ■ ' . - 

The prime fabtor alfecting' the efficiency of any counting system is the ; 
position, size^ and shape of the sample relative to the sensitive volume 
of the datactor. ihls relationship determines the geometry of the 
counting arrangement, (Geometry is defined as the fraction of the iolid 
angle about a source t^ich is subtended by the sensitive volume^ of the 
detedtor. Hence, geometry is dependent on the size and ahape of both 
the source and the detactor,) v : ' 

a. End -window detectors . " , * 

In .che^ siri^le case of an end rwindoW detector with radius r used to- c^nt 
a ^oint source (see Figure XI-1) , the georaetji^ factor (G) Is easily de- 
termined from the above definitioni ^ 



G ^ % (1 ' cos Qi) , or 



/ ^ . Figure . --De tec cor Geometry " ''I ^ ^ 

^ere h is^ the ^ perpendlGular distance from t to the detector* 

The- gaqmetry factor changes rapidly with the .distal h for^ gmall 
values of h^.. 'At . large distances (h- >>. r) , the geometry factor Ovaries 
as the inverse a_auare of the distanca. . " . - / 

b/ Internal detectors ' . ^. * 

In certain gas^ionization detectors, ^the sample is placed inside the. 
sensitive volume (Chapter VII) . These, are either "2n'* or "4tt" cQunters; 
l.e, 5 the detection chamber is either- hemispherical or spheipical ; hence 
either one-half or all , the solid aqgle about the source 14 1 subtended by 
the detector. Thus^ from the deflriitibn of geometry ^ the; geometry fac = 
tors for 2tt and 4n counters are; 0-S fnd 1 *0s respectively ■ - : ^' 



c* , V/ell counters ^ ; : .; ^ _ =. ■ ' " j ^ - "' 

Scint illation crystals may bi constructed : witH^ in the center 

of the crystal ^s. shbwn . in Figurp XI-2p This type of detector allows 
. the /counting of samples in test tubes or similar counting vials* /= Figure 
:XI-2 shows that the geometry factor- f or aV point, source in a. well countejf 
is '"feiven by: " : ■ . ■ ; ^ ^ ^ ■ - . . , 



/where : 



G 
G 
h 



% (1 + CQs'ff) 5 or • ' 

distance from the sdurcf tO . the top of the. crystal 

■ . • . ^ _ ' . ' ^ . \' ' . . . = . f ... . . ^ 
radius- of - ttie: ^©11 as measured from the " center Ii,ne ^to the- 

edge of the crystal, !. " ^ 



Prlnotfiles of In VlcrO Count'ln^ 




CROSS . SECTIONAL VIEW 



TOP VIEW 



ttgurm XI-2.--Weil Type NaI^i)atictDr 
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1:26 - ° " grtnclpleg- of "In'^ii^^:tQian " " ' ' ^ " 

Other ^^u^tji^jj^om^ -.r.'::-^ ^'^'■r.. 

^^^^Wr i^^nting often used ftot In vitro counting 1 gugh- 

f&%He Marlnalll baMar inVwh^^ sample partially surrounds^ the 



The calculation of geometry factors, for this and other ex- ^ 

complex,' and will; not be presented hereV 



iffiji^tector ^ 

^ -terided source arrangements is 



- '4 



2* Absorption > ' * ; . ./s . . . . \ • 

■ .Another factor .that affects ovkrall eff iciphcy is radiatiorf absbrption 
by' the window or wall materials bf th^detector and by the sample Itself. 
Self -absorption in the sample is eapecLally important for alpha and ieta^^ 

'^^couti t ing and f or- very^^ ^ ^ 

^ mostjAnvport^t for particulate radiation, but may also be \signif i-^ . rvi. 
Vein t for low» and medium-energy gatma rays , .depending on the, ^^IpHnep^^^ 
^"and* cdmposition of ^tWe materiml i me%aj:pha pia^ 

an end -window counter r .even the air^;^ai^e6n 't^^^s^ ; ; 

-ijindow ijill cause signiiicaip^-absdriptfLon^ ftept to a minimum.. 

" Sell -fb^or ion ^Ub^P^ft of particulate radiatloh may 

bf Wtprminad'expirimintilly by co^^ j^Mfl ae-^ 

itivtty' but different, derisity-thi in mg/cm ), (See ' 

"^^th^tBr Vv> If this is done for jdifferent isotopes--each hayiag a ^ 

' dlff aten,t iMxlmum beta energy-^-a family of /curves ii obtainea, as sho\5ti 
in FiiweiXI-S i For each energy there , is a pqint beyond which .additional 
sample thickneis does not affect the This thickness is 

cairfed ^h^ .^^titrafclon thickness and ti equal to the. density-thickness In 

- pg/cm^ i^ich corresponds to' the maximum range qf the beta particles. 

■ :wihdow^ abiotptioa l^y placing ^absorbers of 
"^different thicknesses ^ between the sample^and detector and plotting a; ^ : 

cutve for each beta' fhlrgy. ^'^The curv&i dtfh be "^extrtfrdlated to zero 
'/'thickness and the ratio of observed. .counting rate to^ the. cpjjnting.^rat^ j 
without ^absorption can Ise-determlned. ^ ■ ' ^ *" ■ ^ . 
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^ Figure 3CI-3r-ReUtive Count Rate vb/ Samfti,^ Penslty-p|^^^ 
. ^ ' for Different Maxin^^m Beta E^Wrgies^^ - i -J^ 
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3. Scatter 



Scat'tferihg from sample mounts ^a^^^^^^ Jmcr^a^ae. 
a counting rate above wl^jt .ir'^wo^^^^ suspendM"^^ 
air with no scEtteringOMter:iat-^^^ ; 
alpha particle5--an<i.al|b^ft phot opaak pulses t^^S" 

counted. I,t may be^^i^nifieiht in integral ganyna dounjtingj hut the con^ 
tr^hUtlon dye/to_.sca^^ important far hith-enargy beta p^rti- 

• ^cles whara the; counting rate may be ipcreasad by as much; as' ^'SO to . 7p% 
'.due to sciatter from the san^le mount. The scatter cont^fbitt ion m^ 
be determined experimaataliyv.^y making a plot oiE countitig rata va\ 
dansity-thickna$s of the .Beryls /^lount. This yields aMCUtve pf the typel 
shovm. in Figu^ 

rag/cm up. to thl point ati^Siitch theiJMapslty=^thiiGKn^ the^ sample . 

mount is equal to orie-Kal£ the maKimtte ran^e;;6f ^^ctt^ particlie.^ This 

As called the saturatibn thickness of the sam^ia mount,; The .^^atter 
contribution ;is. :a function Qf^ the .atomic number of the : stople 'inount 
^'^^.}.^^ -^?{.^fr^ #nd the beta energy. \ : * ; 

;;"^Vy Intrinsic efficiency ■ _ ' 

Qeometry.,. absorptiori, and scat^ter deteimine ,the ffacti^on of thf photons' 
or particlei emitted' by thesample that will enter the sensitive volume 
of. the detector. The .term intrinsic efficiency Is defined as the; ratio 
of the number of. photoa^yor particles that, ihtera defector* ti 

the .nwnber th^t gnter the sensitive volume/ For most detect^qrs^ the 
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hi6h beta energy 



■ "V \ ^ Figure XI-V-Relk^lve -Count Rate vs , Ag/cm^^^ofpSa 

. ^ : \ Mount for Diifferkht B^ta Inergiea ^ - 

intrinsic efficiency is 100%;'for .alpha and beti particles , j^^^, either ! 

tecting medium is of sufficient vblume and sufficient density so that air- 
;^h^ged '.par tic lei; that enter th« medium interac t^ and ;-causje^ 
The Intrinsic, ef jEiq;iancy= f o ;gamma rays , hpweyer^ is dependent on%^ 
.energy -as' :WeU as- on '^.the siEe. and shape ; of the dfiec|or,^, the detecting ' ' . '-i/ 
medium, ^nd the distance from ^the spurce to the detectdrJ With gamma ' 
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Mlilation^.Vgi^^^ for Intrinsic efficieney mast be specified for 

\:the enti fa -pulse helgkt spectrum,, or for photopeak counts only. The lat- 
-^;ier 'raprMeneation is r-^nVJ '- Intrinsic peak efficiency. The ihtrinsic 
/ "'peak efficiency vs': photon energy for a NalCTl) crystal l^ tncheB in 

'dikmitet-^y" l-incb- thick with a pdint^.^source at 7 cm from the detee^t . ^ 
-. is given 'ihiFlgUre Oyet a. limitid; -energy .-yange^ the intrinsic^-^-y. 

peak afficieVcy is proportional; to.'.tha:*^^^^^ to a con-;" 

: stant .tiegative power* - . ''^^ 
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■ * Flgur^e XI-5--Intrinsic Peak Efticiancy vs* Photon Ene^y 

■ . ' r i \ for a. 1%'x 1-inch Nal(Tl) Crystal . : / 

'-Hence, for cons tant geometry and detector dimensions, the Intrinsic 
peak ef ficitfTit;y aecreasea' very rapidly with increasing php.ton ,,ptje^ 

^''Tha intrinsic peak efficiihcy for>gan^^ alsc^^rpj^^rtional. to 

the volume /of the detector and thi/Atomic^ riumbej, of the^d^tecting- medium; 
the value for Nal is apprbximately 1.00 times greker. tAan; that., for G-M 
counting gas* ^ - / ' " ."^-i^r ' 

.Overall efficiency is thg product of the. four factori discussed above: 
'^■ge'6inetry,laksorpt^ scatter,' and intrinsic efficiency, ..For rel.a- . 
tively simpfe .countin|^,a^^angeme^^ta these individual factori may be 

■ ■■calculated .or Vdetermi^^^^^ shqjm* But for most cdijnt-^ 
'ing applleations yivolving- volume source s.^ . t^ese factors are difficult 

to detarmine -accurately*' So the preferred method for . deterriiipln|. over- 
all efficiency if usliall-y by means of "a standard source, whose absolute 
^disintegration rate is known' to a high degree of accuracy* Efficiency 
E . is than.-:;calculated- :according to the express icpn,; E ^:^^cpm/dpm. This 
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- ■ ■ ' . . •■ ■ . . ■ ^ ■ ■■ " : . • ""^T ■ ■ .:' 

,■' may be .dicpressed' as a calibration factor f., with--untta of cpm par micro- 
,curi^ as follows; ,^ ■ ». ■ ' " 

; f (Sf) ' 2..22 K,io« E^; •: ■■ [ ^ ;■ 

/ where E is th^ oyeraLl efficiency as previously defined. 



If possible, the standard^ should be the same' Isotope as is in the sample 
baling assayed* AISO5 the geometry s-absprption and scatter factors 
^ should be the same for thg standard, as for the unknown s^mpies , e , g , , 
identical sample mounts, equal volumeSj etc* 

With short-lived isotopeSj an accurately calibrated standard source 
cannot , be maintained , A long-lived isolbope with similar properties ; 
with regard to the types and energies of the emissions, must be sub- 
stituted * -Examples include the use of ^'^Co as a substitute for ®^°Tc, 
and a combination of^^'^Cs ind ^^^Ba ,to simulate -^I* . 

^When a different' isotope is used as a standard for counting gatmna emis- 
sions , the per cent abundance of the gamma ray of interest ' must be de- 
termined for both isotopeSj an^ the activity of the standard corrected 
td compensate for arty difference in per cent abundance / For example,, 
every 100 disin,tegrations of ^^^Tc results In 99 photons: of 140 keV- 
energy. However,, the yield for the 123 keV photon from ^'^ Co Is only 
93;per 100 4isintegrations, Thus, It takes 99 ^ 93 milllcuries of - Co ' 
to yield the same number of photons ;as 1 milltcu-rie of ^^^-Tc\.: If-^'^Co 
is to be used as a -standard for ^Tc , the ^'^Co activity must be ex- ^ 
pressed In terms of eq^ivaldnt technetium activity* 

■ . \ ' ■ i 

^B. rnstrument dead time 

Instrument dead time is defined as the time following the occurrence of 
a pulse during which the instrument is insensitive to incoming radia- 
tion. This may be thpught of as ^e time required for the instrument 
to "pecover" from one event to the point that another pulse may be pro- 
cessed, / . \ ■ 

1, Correction . ' ' , . 

To estimate the true counting rate for a given time Interval ^ the ^ 
'observed counting rate mu-it be corrected for dead time losses* The 
following symbols are used . " 

.- * ' 

T ^ dead time (microseconds). 

^ " \nQ ^ observed count.ini rate 

n^^ true counting rate ■ . ■ ' = = 



then , 
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n^ - no « pumbfr of counC,s*lost per unit of time 

due to*,dead time, ^ (1) 



12^ 



Principles of In Vitro Counting 



Also , 
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r -the fractlpn of the counting , Interval durini 
■which- the instrument is not recording. 



Then, 

^ Ht X T the number of counts lost per-unit 

time due to dead time* 

Hence^ equating (1) and (2), ' ' 

% n^ - lb = X ngT 

Solving this equation for n^ yields, 

M 



1 vnor 



(3) 



This equation may used to calculate the true counting rate if the 

dead time is known* ^ . \ 

Example. ; 

Typical dead time for a G-M instrument is 100-200 microseconds. Calculate 

the true counting. rate if the observed rate is 50 counts/sec . , and the 

dead time Is 200 microseconds. Rs^at the calculation for an observed 
cQunting rate of 200 counts per sec^^ \ 



Splut ton • 



From (3) n. « 



50 



1 - ngT ^ 1 - (50) <200 K lo'^) 



, . n^ ^ 50. 5 courits/sec , ^ . 

Note that the uncorrected counting rate is in error by only 1%, Hence, 
dead time losses ^re relatively unimportant in this example. Solving the 
same equation for a count rate of 200 counts per second yields 



200 



1 - (200) (20O X 10 ^) 
n^ ^555 couhts/sec. 



In this example, the uncorrected counting rate is in error^^ib^l^ 

These examples show that correcting for dead time losses becomes more^ 
mportant witb increasing counting rates. Also, it should be noted 
that dead time Is a statistical phenominon subject to the same laws 
of chance as Is radioactive decay. , / 
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' ;2, E^cperimental deteriinmtion' of dea time ' " ' = t " 

, The following la known as the spliG-source.methpd of deteminlng dead 
■ time* dniy.two sources tnat can counted both Separately and slmul- 
' /'taneouSly und^r constant conditlohs of f iajnetrys scatter /etc . i are ^' 

■ ■ '"^ ■■ ■ . /. %, ':\ 7''"-^^ I, ' ' " 

/ ni ^ observed grbss counting rate from source 1 

/ ng ^ dbserved g^osa counting rate from source^ 2 ' 

^/;observed> gtoss counting rate from' 1- and 2 ' 
counted simultaneously; - 

n^ ^ background counting rate " . 

Then J the true coun^ng rate from source 1 Is equal toi 



1 - niT 

and similarly for' the others p The fol lowing 'eq\ial It y' may "ie Written; 

^ ■ ' ■ , ' ■ ^ ^ ' ' * ' 

1 - nigT 1 - n^T ~ i - mT 1, . - ngT 

The background term on the l^eft side Is necessary because two 
backgrounds are Included in ni and ng counted separately. Equation 
(4), is difficult to solve jeKactly for Ts^btit may be adequately approxi- 
mated as follbwsi " - / ''■ 

^ ^ . . 



2 a a 

. - ni : - na 



Typical dsad times for various detectors are:' 

G-M tube- ^^^^^^.^-.^-.......-100 to 200 microseconds 

proportional counter--------ff0.2^ to 0.5 microseconds 

.scintillation detector ^---0*001 to O.Ol microseconds. 

These values are associated with the detector itself . Irt the case of 
scintillation detectors, the dead time for^ the instrument Is deter- 
mined by the speed with which the associated electronics , can process 
the pulses, since t'he recovery time of the scintillation phosphor 
is much faster than the electroMcs. In G-M instrunietits and most ' 
proportional counters, the detector Itself is the limiting factor. 
Dead time correctlons'are necessary only when doing quantitative meas- 
urements using calculated efficiency values, or when comparing relative 
counting rates which differ widely from one another^ 
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C. Double '^isroCope Quantitative Determinations . * 

Independent quarititariva measurementa of. two or more isotopes In a ., 
sitt^le sample may be ma^.e us^tng gamma ray pulse height analysis if the 
energies of the \ganma*^^^ a^e ' suf f idiently different from each Qther. 
Let represent the gamma ray. energy- of isotope #1, knd the energy 
of isotope #2* Assume each Isotope emits only pne ganma energy. = Also ' 
let ^Ej^ represent t^e- window (energy interval^ used to count Isotope 
#l^ionej. and 6^ the window for Isotope #2; counted alone* As seen from 
Pijire Xl-6s the ptiotopeak'' at Ei wilt contain 'counts arisiffg ^^.om the/ 
icat-tey:.of ^ the % ' ga^ai :and^A'^ may . cohta in counts from the E^^ gamma. 




Figure , "Individual and Composite Snrectra 

for Two Single-Energy Gatraia- Emit ting 
. ..Isotopes in a Single Sample 



Symbols used are here defined: ' . ^ 

' *^ m calibration' factor tcpm/^Ci) for Isotope #1 In^Ei : 

* fcallbrafton factod for isotope #2 in - 

*■ ^ . . calibration^'^''fi^^o for isotope #2 in dEi 

f g ^ callbratiok^^/tor fop Isotope #2 in LE^ 

m =^ counting rate ift' AE^' * 

n^ « counting rate in ^Eg v . 
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. " ' . ■ •■ '■- ' f / '• • ■ ■• ■ - 

- activity . (microcuri:^s^> ■•of /i #1 . ' / ' - 

■ Af " activity ^microcur iii)^ of isotope #2/ 

From the .definition of .the calibration factor, " " ' \ " ■ " - 

- . ni ^ Ac C=L + f 1 ^ . ' ^ X'-' 

Similarly^' - ; :\ ^ ' • ' .! ^ . . ^ . 

^ Ac Cg +'^f fg ' ' ! = • ^ 

Soj^ving these two' equations B imultarieously for Ac and A? yleldSs - ^ 
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fa " . tig fi 

G| fg: Cg f]^ 



Cifg ^ %fi": . . ^ ■ . 

The calibration factors must be determined aKptrimehtally' using standard 
sources counted under Identical conditions of geometry^ scatter, etCi 
as the unknown sample, . For thii method to be valid , the two gaiTOa e'ner^ 
g-iei must be far enough apart so windows widfe e.nough to ^ive statistical- 
.ly val^ld couptlng. rates may be used without appreciable^pverlap* 

III, RELATIVE COUNTING ' : 

Many applications - in nuc medicine require only , ^relative comparisons, 
pf, say, aeveral /counts done on the same ^ample at differertt ' times ^ ^or 
the counting 'iratj^s of many diffprent samples. In this casej ho overall 
. efficiency dete^lnatlon is necessary* It is Impprtant j,;however ^ that ; 
all individual fattprs th^t determine overall ^efficiency (geometry, 
transmissions ana absorption) be kep^ constant for all samples to be 
intercompar'^d, -S'ince the dead tljne correction is dependent on cpunting 
rates it is neceyisary to make tHls cdrrdction ^ even in relative counting 
applications s when the counting rates to be compared differ wideiy# 

^ *..,.= ■ 

IV. SU>C<ARY /.- ' .' ^ ^- ■ 

In vitro counting applications may requite knowledge of either the 
absolute disintegratioa rate of a sample or merely the relative counting 
rates of several samplis^*^ For absolute determinations , Jle overall 
efficiency of the counting system must be a'scertained by compawi^on 
with a standard source, or, if faasible, calculation of the individual 
factors that determine overall efficiency. Dead time corrections, 
where signlf leant | should be 'applied to all counting data* 
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CHAPTER.XIt 



PRINCIPLES aF IN VIVO COUOTING 

INTRODUCTION : ' ' / = " ■ ' ' . 

In vivQ j cour^tlng applications involve direct measuremirit of the radip- 
activity within.a living organism--in clinical nuclear medicines a 
human being. Such studies may be divided ,into^ two broad categoriest 
distributive countingj deCection of radioactivity in a particular 
organ; and whole-bo.dy counting, meapuremenk of the ;total amount of 
I'adioactivity in the body,^ Apart from superficiai beta activitys 
dnly gamma' rays and^ bremsstrahlung ;ir are detectable outside, 

the body r -jTha remarks * in this chaister apply mainly to gamma-emitting 
radibhuclldes (positron emitters included be^cauae of the annihilation 
photons from positron absorption)* . , " 

II. DISTRIBUTIVE COUNTING ■ ^' - ^ 

^Studies requiring^ measurement of radioactivity in a selected 
organ may be divided -into three categories based on the type of in^\ 
formation spught. These are quantitati^ determinations, scanning, 
and kinetic studies. ' . ^ . 

A. Quant itatlve. Measuraments 

Quantitative assessment of the radioactivity in a human organ is 
basically no diffarerit from quantitative assessment of in vitro 
samples. The same, factors determine the overall- effipiency^-geometry, 
absorption, scatters ani the intrinsic efficiency of the detector. 
But ^these factors are- -with the eKCjeption intrinsic eff iciency"- 
muqh ;mor.e difficult to control in in vivo counting*. Alsoj since it 
is a iTnost^ impossible to accurately calculate frorn first principles the 
overall efiiciency of an in v ivo counting arrangement, mock-up studies 
with phantoms' conta'ining" a known" amount of 'radioactivity must "be made. 
Accurate , reprbduct ion of the efficiency factors-^geometrys absbrptioni 
and 'Scatter, in the phantom mock-up is the major problem in In vivo 
quantitative measurements, . In additions a ^phantom-standard source 
arrangement which accarately simulates one persori'S gamma-r,ay spectrum 
may not be a,ccurate for another with different physical- characteristics 
It is difficult to obtain callbratiprt ^attors\applicablte .to large 
numbers of individuals* Some sources of variability /in- the efficiency 
factors are: . 

1, Geometry , - 

, ■ . " 

The geometry of in vivo counting arrangfments is det^^mine^ by the size 
of the organs the area of the detector^, the distance from the ^source 
to the detector., and the length and diameter ofj' the collimator. As 
discussed in Chapter XI, when the detector is very close to the source, 
the response , of. the detector is strbngly , dependent on the distance 
betwaen the two, \ At greater d is tancet this dependence is not -as 
prondunced, . Hence, = the- effect on geometry of small variations in the . 



130 ' : Prindlples, bf In Viva Gounting , r 



dep^th; of M organ .within the body becomes less^with increasing diatance 
from the detbctpr," For this reason, it is sometimes necessary/ to 

. sacrifice; sensitivity by moving the detector' awky from the source 
to minimize error due to small changes in geometry, A case in point ' i 
is the thyroid uptake studyi . "T^'^l 

' ' . - ' ' ' ^ ' ' ^ ■ ^ ■ ' ' ■ • ' . . , ' • ' ''^ .■' ■■ ' - ' ■ 

Detector size and collimation for in vivo counting should allow the= 
.. entire volume of '■Interest to be included in the detector's field of 
View while , excluding .as much surrounding tissue as possible. This ^ 
Insures that the nimiber of photons recorded from the volume of interest 
relative to the total number recorded will be maiximal* In some 
instances (e^g,, thyroid uptake) it may be, necessary to measure separately 
the contribution from the surrounding tissue and subtract this from the 
total count. Two methods cotmnonly used for thli purpose are* 
(a) Counting with a lead shield covering the area bf Interest^^ then 
.the difference between this and the total count is taken as the true 
organ count* (b) Counting over. a similar anatomical area (e^g.^ the 
thigh to simulate the athyroldai neck) , Both methods leave much to be ..; 
desired a.e far as accuracy is concerned. But consideTlng the maghltude 
bf other measurement* errors j these are generally tolerated, 

2\ Absorption and scatter ' f . ^ . 

Radiation absorption and scatter by both the volume of Interest and " 
surrounding tissue depend on the size anrf shape of the volume , depth of 
the volume within the bodyj molecular composition of the tissue within 
the volume of interest as well as that of the surrounding tissue ^ and 
the. energy of the radiation. Since the intrinsic efficiency of gamma-^ 
ray detectors is /strongly- dependent on photon energy ^ a phantom with a ■ 
standard' source that simulates the shape of the entire pulse height 
spectrum obtained .from the patient is Important/ This is particularly 

I Important if integral cDunting/ia done> ' If only photopeak count,s are 
recorded J a less accurate phantom mock-up is tblerable Comon' Materials 
used to simulate the gama ray attenuation properties of soft tissue 

^ in q^lude water ^ presswo.odj masonltej lucltej and various; other types of 
plastics* : ,. : 

.. B. , Scanning ' ' . . 

Radioisotope seanning graphically shows the distribution of radioactive 
material within an organ, gl4nd, or other spAce in the, body. Scanning 
iristrumentation is discussed In Chapter IX, .Presented here is a 
discussion of the way technical factors associated with scanning affect 
the final result. 

1* Information density of scan = ^ 

A prime consideration in obtaining a^'gpod scan is the Mmdun^ of 
information fequired^to show statis,tically slgnificiint differerices in 
isotope concentration t Consider the count rates from two -equal volumes 
'of 'tissue, A and B^i in which a radioisotope is uniformly distributed. 
Sinc^ the"^ scan Is a two^dimenslonar representation of radioactivity _ 
distributions the two volumes can be cjom^a^e^ by the number of counts 
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= recbrded per unit area (inforniatlon density) traversed by, the scanner, 
assuming scanning speed remains constant* Under these conditions ^ one 
can .s^ky (with 95% assurance) that' the isotope concentration in ^ is sig-, 

v^nificantly different from that of A if | n^. - Ogj^a 2^/^ where and n| . 
are the cpunts recorded over unit areas In volumes A and/^j respectively. 
This- may be expressed as a fraction of the* counts per unit area >in A and 
plotted against the same value, (See Figure XII^IO' This figure, multi- 
plied by IOO5 is the percentage difference that must exist between the 

^counts per square cm recorded ov^r thfe two volumes in order to call the 
dlf f erence '"signUicant ^" according to the chosen criterion. 



i 
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■ Figure XIl-l . --Significant Difference Graph 

The graph shows' that , in order for M area to be= slgnif Iciantly different 
from one which yields 100 counts/cm s the difference between the two 
must be 20%i A 10% difference wil^l be slgnlf leant if 400 counts/cm^ are 
recorded J 7% for 800 counts/cm^s etc. The ^Incre^ae in statistLaal ac^" 
curacy Is If ss marlied as one goes above, 800 .coun'ts/cm ,r: For this reason, 
some feel that 800 counts/cm recorded over the area of maximura isotope 
concentration is ogtimal. Others consider, it wor.thwhile to record up 
to 1,800 counts/ cm'^ , particularly when doing "cold-spot-' scanning , as 
with liver, kidney, and thyroid* In pr^qtice, a aomprdmlsev Is necessary 
between, information density' and time requirements. ^ The high photon flux 
from short-'llved pure gamma emitters such as ^~Tc has resulted in a 
tremendous Increase in the information^ density of scans .without Increased 
scanning time, ' ' * 
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It must be emphasised that the foregoing discu'if^ 

rates .at which counts are recorded. Other factors,' such as contrast en- , 
hancements affect the appearance of the scarf image. Unless a statistic ' 
c'ally' sightficant difference exists in the amount of information re.qorded 
between two volumes of dl^fferfent isotope concentrations no valid differ- 
,ence can be shown^on the scan; ,^ ; ^ ' i-}'?.,^, 

The informatlpti, density (cqunts/cm ) of ' a rectilinear scan is deterpiihed 
by the counting rate J scanning speed arid line spacing. The relationship 

i^^ ' ■ - ' ^ ■ ^ 

infortrration density - ' counts per minute ^ 

^ - ■ speed (cm/min) X line spacLng (cm) . i' 

For a statlphary imaging device, the average information density may be 
obtained .by dividing the total number of counts collected by the area 
scanned , In .imaging devices that, provide for the integration.jof cpunts 
over selected areas of the field of view^ the information density may be. 
determined for any desired ayrea. Conversely, the number of counts^to be 
collected may be calculated from the desired Information density. 



Scanning speed — 

The seanriing speed (cm/min) for rectilinear scanners "may be calculated 
from Equation (1). That is, . 



caants.per minute 



peanning speed. - ^ ■ (2) 

example r ^ - 

A liver scan is to be performed us'ing '"^^^TcS as a. colloid, Tlie maximum 
counting rate observed by ''hand-scanning" the liver (inoving the probe by 
hand to locate the ar^a of highest counting rate) is 12,000 cpm. ■ The ..;, 
desired information density-over the area of highest counting "rate is . 
800 counts/cm" t Calculate the scannlng= speed If the. line spacing is 
.0*30 cm. From Equation (2) , 

: \ - ' ^ scannirvg speed = gOO 6^^J^l 0.3O cm 

^ . sQatining speed - 50 cm/n 
= . ■ . ' */ ■ 
a.. Line ,spac,t.ng 

Line spaclngs like scanftlng/speed j applies only to ''tectlUnear scanning, . 
It is normally set equal the longitudinal dimension of the flight spot. 

4, Ghpice of collimator 1 . ^ ' ' * ; ^ \ 



Collimator properties are discussed in Chapter IX, /.An infinite 
number of combrinations of sensitivity and resolution are possible 
in collimator design. In practicej however/ the choice fs 
simplified, OE the collimators available with a given coimnerclal 
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rectilinear scannfer, usually four or five provide enough varsatility for : 
...jcXinical work/ These us include a "coarsL , " "medium,.'' and /'f ine*' 

. focus fbr medium and High artWrgy tadlatlon (>200 keV) ; and a- 'Wdium"* 
and "fdne" focus for low energy K200 keV)* /in terms of numbers of holes 
fpr,^ — say— a 3 inch diameter crystal, standird figures are 19 holes for\ 
^ the coarse focus medium^ and high, energy collimator,' either 31 or 37 ^ 
holes for the medium focus, and 61 holes for tjhe fine focus. Low-" " ' 
energy cdllimators' for d 3 iricH: crystal typically ^ contain 73 holes; 
. ^ome specially constructed low^energy collimators have as marly as 1,000 
holes i The increased number of hqj.es in' low energy collimators is 
pQSsihle..because thinner septa are" permissible thta is the case for 
higher energy photons. . 

From the, chb ices :a^aita^le7^<^Q^ must ,.a^lsp consider the inverse relation 
between sensitivity and'ye'solution, Edi. routine Studies, thls^ : 
bplis down to I with scans of relatively small, thin structures su^ 
as |havthyrold glandV the .collimator with the smallest resolution 
distance is jenerally used coimensurate with the energy of the gamma 
ray; . Risolution dlfta^e;^ is defined as the widtWoJ the 50% lsorespons4' 
line mgaeMred at the iocal planei,_For scans of largeri thicker organs 
iuch as the liver and^ brain one usually, chores - a obllimator that 
allows |pr greater sensltlvpy and additlohal depth response. 'Much 
work has been done In recent years to arrive at .objective criteria for 
deterTninlng the best combination of detector slie. and collimator for a 
given scan. Some have proposed a^-Migure-of^merlt which iS; 
' to the. llkellhbpd; .of observitij| a lesion of a ce^^^iii size in^'isglyen ' [ 
tlmf ;^tth, a ,give]^; IsQtb concentration In the ieslon reiative to Its 
surroundings. The* results of such work indicate that the optimum 
collimator Is one with a reioiutlon distance approKimately equal to 
the diameter of the lesion of interest. . . 

5i Contrast enhancement ^ 

. It,,ls of ten= difficult to^ Cells solely on the basis 'of the "counting 
rates, whether a given area'on a photas.can tef Ifects a aignifi ^ 
different/ liotope concentration from Its.^surroundlngs , In Such cases, 
It Is possible' to modulate the intensity of the llgbt spot (as dls= 
cu^aed ln,.Cfhapte;r lX),jto' emphasize reai differences in counting rates* 
There must bp sufficient information on ' the scan so the use of co.ntrast 
enhancement does indeed emphaslEe existing differences in counting rates 
.and does not create artificial ones; A high degree of contrast enhance- 
/ment on a low information density scan may emphasize statistical 
variation to the point of making a homogeneojus Source of radioactivity 
look very .iheterogeneous * 

Count'-rate modulation of the light source intensity is not generally 
done on^ stationary impging devices as it is oti rectilinear scanners. = 
But a slmilat effect can be achieved by photographing the cathode- 
ray tube through multiple lenses, each with a different aperture opening* 

6.i Time constant . * ^ k " 

The ratemeter time constant affects botjf the rectilinear dot recording 
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and the photosqan wben feackgrm 
uaed.^ Too long a.; tiin# 'constant 
from one another ait the edges o 
AisOj small areas of- increased 
be obscured b>^. us ing a' =wo^ iprig 



^ Xn ' y i VOL Goun 1 1 ng'^^ ■ i . 



ni;9utdff and,.9:ontrast : efitt%^niant are 

eauses the scan .lines 'to .be'%ffset \. '■ , .% 
f the scan. This is cali'ed' '*§ 
or dec'^ased isotope concentra tiort ' may 
time constant., ' With the dot scan, 
the ' ctme-',CQns tan 1 1 dependence ,st( em f tfom the fa'ct that the recorder ^ 
records information only when the :CDunting rate ej^ceeds the #background 
^tcutoff . level , (See Chapter IxJ) " Thup.^, if the counting rate suddenly 
eKCeed's this level ^ and a long time cbnstant . relativf to= the scanning 
speiti; is;.^used^ the probe m^y ^e well. Into thfevarea. pf interest before 
the raterrteter has responded enough to energize the recorder* 



_ A' s Im 1 1 a r e f f ec t i s o b t a in ed ■ ^ n the ph p t qg^r a phi c . s c an wh e ri con c r a s ^ 
^i^Jenhancement is used^^^^ . ifere scalloping: is. =the result -of modulation .^f 
'the light saurcej whose Intensity lags behind the actual changes in 
ccJunt'lng rate j^hen top long a time^constant is used. 



On the other h and ^ an- ex c e s s i vf 1 y s h o r t t ini e , c o ns t a n tv wil 1 yield poor 
s tat isticai accuracy f for the average value of the dc signal ; wn-ich . ; 
controls the light intensicy. This results= in a "salt, and pepper-' 
effe^tion the photographic- scan* .This Is caused by excessive fluctuation 
of the r^temeter- r.ead ing, there is mertC in using as long a time 
constant as possible , commensurate with the required scann^tng speed, 

the preper for the time constant depends on ttte scatining speed = 

the diameter of the area* to be delineated Specifically, the time 
Qonstant . ^lust be small: compared with thfe. ti^ requi^edp for the detector 
to traverse ' this area* This time is given by d/s where d is the .dlam^ 
eter of interest:-ih cm and s is th^e scanning speed in cm/min* A rule 
of thirtnb is that the rateineter be allowed to go through ten time 
^qonstants during, the time d/s; or "RC = 0,1 d/s. 

Ex^jnple : " ^ y ' ._■ 

A .thyroid scan is to be performed at a speed of 15 em/min, The limit 
"of the resolution for a cold nodule is, approximately 0/5 cm. What 
time constant should be used? , . 



The time required for "the detector- to trans^|^rse 0,. 5-cm is; 
* ' . 0 , 5 cm 



15 cm/min 



^ 0,033 mtn ^ i, 9£ 



'Using the^^ule of thumbj 



RC - 1.98 sec ^0, 2 sec. 
10 



In ■ pric t ice , one is- limited to a ffw choices of t ime^'cons tan t settings,. 
Hence J a single se tt Ing isl 'usual ly applicable for all scans of a given 
.type unless unusual circumstances arisev ' ' 



U5, 



.= The^adveac of . racliopharmaceucicals has greatiy laeAIltabGcl An s/^\^p 
. o.b s e r va 1 1 on o r d ynam t c ph y slo lQgicpEocesses,_ Such stud I'os ■ r u q u i r u T 
'-a,ccurate- recording d£ the rat:c.. at which thC\ Eag.ged 'material .yitersr'- 
and':4eayes one or muru couipar Lmen ts in . the body* ' t.^e' time .Scales.-' 
. iOf interei ranga^ irom st 'onds (in' certain blood i^lki s tudlos y ^ to ^ 
weeks, months, or even years iri some long- term re ten t ion studies.; 
::;^-|vhg lat-te^.^ ^the/^chang^ the radiopUilide is 

' n^giigible "during^ of a s ingle/obs,erv4t ion. ^^Isd, s t^ 

^ of this u/pe are often car^ried out in a^ whole-bOci^y couhter, discussed 
in the ne:<t section* Ins trumentat ion fac tors Inipartant in observing 
a process which is changing rsipldly ;4_viT^^S the time. of observatidn 
are discussed, here^, .Examples include renal ^ hepatiCj ahJ^^#^rebra 1 
blood, flow ..studies , and _card iac oUtput studiesj among others.-. 

I * .■Geome.Gry . ' ' ^ ^ • ■ .. ■ " ' \ 



S J.nce many, kinetic studies do not require quantitative measurements , 
precise^ reproduction of the geometry from one patient* to another i's 
not ^ital. ^ ^;Hen,ce,^.to..lmprQW. sensi facE of a straight bore 

collimatgr is general ly. .placed, in cbntact with 'the-. sMn, direct ly ■ <^ 
over the volume of interest, I.t is Important j. howevers to also "-^ ■ 
maximize^ tjie ^^tioD^the number of photons detected from the volume - 
of interest to thpJnunroer. de tec ted from other tissues and background;/ ^"5 
This involves finding the optimum col 1 imator j^lep^th to crystal-diameter 
rat 10/ for the volumfe " of ^ ihteres t . 7' ^ ' \ 

2* Data recording. ■ . 



After processing by a pulse" height kna lyzer ^ the pulses are^averaged 
'o-ver a f tnl tc /t ime- interva 1 j and the; information is recorded. The mantier' 
'in*which.-l.hi^ Is done is crucial to the prpper representation of the 

true kinetic phenomenon by the recorded data. , ; ^ 
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a. Analog ratepieter with ■■strip-^ehart-. recorder . . 

Traditionally, the most widely us ed . ins trumen t for recording data from , 
kinetic s.tudies has been ^the analog ratemeter strtp-chart Recorder 
. combinatlQa. (See- Ghapter" VII , ) ^ Selection of tfie proper'' ratemeter 
time cqnstant- Ls extremely important , In . Chapter VII a discussion was 
giveaa of the exponential nature -of the response of an analog ratemeter. / 
It is worthwhile here to discuss the case. where' the counting rate 
Itself is changing exponen-tially> . Herej , the ratemeter cannot fully 
respond; to one change in counting rate before at)gther change occurs* 
The fact that the counting rate is continuaI,ly.x^hanging means that the 
ratemeter response is never going to fully catch up to the true count- 
ing rate.^.AlsOj the time lag between the actual change 'in-^count ing 
rate and • the ratimeter. response is dependent on the freqifleftdy of the 
changep Tt has been demons^a;ted that- a time cons tant equal to l/5k, 
where A is the rate cotistanvfor the true change i'n count ing . ^ate , 
will adequately reproduce the shape of the true curve if only rilative/ 
■information is desired. For studies requiring integration under the ^ ■ 
counting rate^ curve (d.g. j cardiac ^utput) , even t^his ,^ort time .constant 
(i/5A. ) , may cause a aignif icantv^rf or»- in ' the' quantlt^ determination. 



Hi 



PrinclpUs of. In Vivo Counting 



"'...■M.i.'-..'.,. 



= 800 





AQT 




r — ^ 
' CU 


1 n 


— 


































n 






















- 















1 1 1 f 1 

TIME CONSTANT 








0.1 


SEC 




































f 






1 

















.0 



10 2D 
TIME, SEC 



■I 



I 



j 1 II' — I 1 
TIME CONSTANT ■ 




0.22 


SEC 



























































— n 

TIME 


1—1 — . - 

CONSTANT 










1 SE 


c- 




































■ 





























-T~~j 

TIME 


1 1 ! ■ - 

CONSTANT 










5SE( 
















































■ 




















r 1 1 
TIME ^ 


CONSjAhJ 


T 










2 SE 

































































y ■ 



Figure Xn^Z .^^Mock Cardiac , Output ^Patterns 
(USAEG/DTI , tlD'7678) ,r ^ 
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FiguM shpw^ a mo€k cardiac: output pateern compared with analog =' ^ 

j^ratemeter recorder curvfij at vaclous time cons tantii ThAs ekampie ^ 
• clearly dampniCratis the^ distortion Iwhich results! from using a too 

long time cdnstant. As. the time constant^ 1 - 
Jaepreisedivahd the va^^ are elevatec^, H^ncej the curve apprbachia' 
* , /a horizontal line as would be txpected for longer and longer averaging 
times , ■ ^" ' '' , ^ ' - ' ' - ' 

Digital ratemeter with high-speed rejcorder . ^ ] 

*; In .recent years^ ratemeters Have been daveloped that integrate cQunts 
digitally over a preselected time interval , , These count^^^^ are d ivided 
..by ■ the integrating time to obtain a count rate, : The integrating time 
can be made very shqrt (down to 0*01 seconds) , and the time required 
po average eQunts\a^^ the i nf or ma t ion i$ - neg 1 ig ib la compared . 

to the ihtegrating time . ■• The ■ d igl tat: ratemeter emits a voltage signal 
; at the end of each integrating intervai, proportional to the average 
^•/counting rate over that interval. This signal may be used to drive a 
: high-speed ^recorder. The result 'is a histogram rather than a contihuous 
.curve. . The advantage of the digital ratemetiar ove-" the analog is that 
the ma! K imum : time . la g be twe eti: t h e : t r u e dh a ng e in c ou n t ing ra t e a nd the 
ratameter response Is indepi'ndent of tha frequency of the change. 

; c. Other ' V ■ . . ' ' . 

Other 'devices have been developed in attempts to reduce' the effect \ ^ 
: of ..the RC time-constant associated with analog ratemeters. These are . 
digital in nature J and include devlGes- to measure the time needed 
. to CQj-lact d specified number of counts^ as well as "multiscalat** 
devices on mulbichannel analysers. The ^Itlscalar consists of a ■ 
. "dwell^V mode on a .multichannel analyEer , This causes all photopeak 
pulses to ba recorded in channel. No, 1 for the first time intervaly 
ch annel No* 2 for the second^ etc. In other words ^ the channels on 
a 400 channel ^analy^er represent equal time ihtervals rather than * - 

energy increments. The time interval per channel can be made as; short 
. as one millis.econd , or as long as several seconds , 

tV. WHOLE-BODY COlJNTING [ ; V ; . ' 

The pritnary purpose of whole-body counting is to measure low levels 
of: radioactivity ;in a human body. Although whola-bbdy counting has been 
primarily a research and bioassay toolj much of the in4ormat ion obtained 
is' finding clinical applicatipn. 

The most difficult 'factors ,to control in whole-body countings slb with 
distributive in viyo. counting, are counTting geometry and absbrption by 
the , pat lent. Obviously / pat ienti vary t re sizes weight , and 

shape. In studies that require multiple measuremants performed at different 
times, the redistribution of the majterial within a single patient causes 

'Changes in the counting geometry. Hences precise phantom mock-ups 
are generally needed to obtain valid quantitative: results , ' . 

■ y ■ ■ ^ ' ■ ' -. ■ ' , ■ -. ' , ■ 

. Various instrument Systems have been designad to minimize the effect 
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of geomatri^. variations Iriitrument response . 



A:; i'Sln^le-Detector Syatams • > i ' , . . . . / 

Most single-detectprs whole-^^ ftays a large (8 or ? 

itxcH dlani^ter)^ Nal(Tl)" crystal Suspended at; the center of an/Erc defined 
by the contour of the patient/s body ,^ Hence j mosr parts of * the body are 
apprbKlmately equldtstant f rom the .center. o£ the detector. The patient 
may sit or lie on his side with his body in' the .shape of .an arc. " The 
radius of the«arc is usually between .1 and. 1,5. meters. 



CRYSTAL 




. ' vpigure XlI-3, --Single Crystal Whole-Body Counter 
■ ; - • ..^ Using Chair Geometry ' ^ . 

B, Multiple-Detector Systems - ^ ' 

Some whoie-body counters use two^. three, or fdur separate Nal(Xl) crys- . 
tals. These ^are arranged so that their'^ combined response to a point 
. source is appro3cimateiy Independent of the position of the source along^ 
the line representing the longitudinal body axis of a person stationed 
under the crystals. These are referred to as multiple-crystal stretchiEr' 
.systems. Four-crystal stretcher systems (such as the one shown in Fig-, 
ure XII-4) can be made more gebmetry independent than can single detector 
systems * . ; • . . • ■ • "/ ' - 




.Figure . —Multiple Crystal Whole^Body Counter^ 
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To further Imp^vove the .-eoun ting geomttty.| large detecteri rnay bi poai- 
tloned around the body^ in either a 2tt . or .4tT' (tpprdKimat.ely) geom§_try, ' 
This, way J most, photons emitted fiiom the! body during a 'measurement are 
incident on the detMtor, Liquid and plastic scintillator lare used \ 
in^tKese» systems,. Although it Is true that the geometry ^q£ = such in arrange-; 

, ment is greatly, ^enhanced / over that obtainable^ with single , or multiple. 

V Nal(Tl) dryst^ls/ the intrinsic efftclancy^ CChapter XI) of- the-, low atomic . 

. number scintillators^' is much less, except for very low energy photons. / - 

D, {^Qving Detector Systems ■ ; ' . . ■ 

Singla and multiple!crystal S}/stams may be used to obtain a "profile 
^scarf ' of Che patient j_^i.e, ,^ a of . th^ff ountlng rate^m posl^ 

tion: along the ibngitudlnal body axis of the patient, .Here, a slit col- 
limator is g^^neraliycbmbine a large Na'l(Jl) crystal, "The scan is 
achieved by moving the crystal over .tHa lerigth, of /the patient at a con^ 
;stant speeds or the crystal may! remain stdtibnaryi In the latter case^ 
the patient im moved across^the face of the crystal, : ^ 

rfi^ y Serisltivlty ^ ; - ; / / - ' ; , 

The raqulred 'aenslti\gity for whole-body counting depends on the radioa'ctivity 
^ Ifvel In the patl^rit. For relatively hlgh\ act ivity levels^ such as./those 
administered in clinical diagnosis and therapy , no special shielding Is 
required, ^Por Intermediate levels, a\por table -shadjpw-type'^'slTle 
around th^ detector may sufficiently reduce the background. However, ac- 
cutf^te measurements for low levels of activity--such as the 'measurement 
of the naturally ocGurrfng K in a person" s body or the assessment of ' 
minute amounts of radionuclides /In the body from /occupational exposure-- 
the entire assembly is generally enclosed in a shielded room, / The walla, 
of these rooms'must be constructed of steel free of all fission product : 
activity. Steel' rooms for whole-body counters weigh as much as 65 to 70 
tons. Such rooms can also be used for distribut'ive counting applications, 
- ^ *• ^ ^ ■ ^ ■ / ■ ■" - ■ / ' . " ' ' - ■■ ■ ■ ■ . - 

F, Data Recording ' . ' ^ • .. 

Any of the- counting .systems described In Chapters VII and VIII can be ^ 
used with whole-body counters, ^ However, in permanent ins tallatlqns where 
large volumes of data are accumulated, the instrument of choice is usu'* 
ally Che multichanrtel analyzer. Many Installations transfer the whole- 
body counting data -fromVthfe multichannel analy^i^r to magneti or 
paper punch tape for computer analysisr > ^ 
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. SUGGESTIONS: -FOR n)pHER,-REA.01NG ■ . . V .. " r--.*^,.'.. " . - ^{ - 

^ ' Qii^mby^:;E. Hp , and Faltelbarg. Sv ; Radloactlve^Isotopes In Medicine 

and Blbiogy , . Lea .and Feblger.j vol. ; ! (1965)* chaps, 16-18..^" ^ " 

. ^2. Hihe, G. J, , Ins trumentatlon In Nuclear Me^iclne j Academic Frsss'^ " 
; Itic. (1967) , chaps, 14 and.i5,; ; ^ ■ 

;. 3 . Wagner I K. N/* Princ Ipl es; of Nuc 1 ear Med tc tne , Wi :B, Saunda.rs Co,; 

(1968), pp. 130.-138. ' ' " > ■ 
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■ ■ ■'■ ■ " ' ■ ■'" 'chapter. xiii' ' , • ''X [ 

]:■:/. .' ; . ■ ■ • ttwiTs. OF pjjiATiqif Exposu^^ • ; - ; ■ 

^, -I •">' INTRODUCTION '; ' ■ .i ' ' '' . ;.' ■■..../*.../ v-' .; 

■ • - * FundamtfnMlly, th« haTOlul:; cansequerices i^rtlizlng radiation to a living 
V ... ■ , organism are. due to the anatgy absorbad By tha cells and tissues.. This 

. absorbed- energy (or dose) producer chamicai decomposition of the mole- "" ' 
■.y, ; > pules pres^it in the ilving- cells. . The jnechanism of the decomposition ■ 
, • ; . appears t^e telated ttf lonlzatioh and excftatlon inearaetlons ^ b^ 

■ ^ ^'^^ radlaifiion and atoms ^within the tissue.. The amount of Ionization ■ 
. or number of ion pairs, produced by lonlzlni radiations in the cells or 

tissues provides some ,;measure ' of the amount of decomposition or physio- ' : 
^ ::aogtcal .da^^ 

The Ideal bpsis, for radiation dose miiasuremenfr ^ • 

, :\ , number of ion pairs Jor ionizations) taking place within the medium bf, ' 

Interest. For qertaln practical reasons, the medium chosen for deflnlnl 
exposure is altf. - , 

y... ■ II- EXPOSURE--THE ROENTGEN ' 

The exposure o£ x or gamma radiation within a specific voluma of air is ' 
, ^ maaaure of the amount of radiation^ based on its ^a^ - 
ionization In air. The unit that eKprasses.x or gamma radiation 
axpasure is the roentgen ^) , ; Its merit lies In the fact that the 
Mgnitude of .the exposure in roi^tg^^^ to the ^ 

-absorbed dose, which is important in predicting or quantitating the 
expected biological eflect (or injury) resulting from the radiation/ 

: The roentgen has been defined as an "expoBure of x or gamaa radiation^ ■ 
such that th^ associated corpuicular emission per 0,001293 gram^ of air 
produces^ in iirj ions carrying one electrostatic unjt of quantity of 
electricity of eitlier sign," Since the ionizing property of radiation 
provides the basis for several types of detection ^instruments , such de- 
^ vicas may be used to quantitat.: ^i^xposure. It is imphisiied that the 
^ ^ roentgen is a unit of exposure b^^d oi^ ioniEatiori of air; it is not a 

unit of iontzationp nor is It an absorbed dose in air. ' 

- V \^ III, ABSORBED DOSE—THE RAD. _ . ' 

The absorbed dose froni any ionising radiation is the' energy imparted to 
matter (irradiated material) by that radtetion per unit mass of TOaterial 
at the place of interest. The unit of absor^id dose is the rad. One 
rad Is equivalent to the absorption of 100 ergs /gram of absorbing mater- 
^ ial. Although the roentgen unit is strictly applicable only to x or gamma 
radiation, the rad unit may be applied regardless the typ^ of Ionizing 



^The weight of. 1 cc of air at standard conditions of temperature and 
, pressure, ' ' 
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tadiafctbn the ;fcype of ab^orfeing medium. 



• * The ioilqwlri^ 0xa^ple wiil* liluitficite how the aKposure may be. rtlrtad ! = 
: to the energy absorbed t or the absorbed dbSei ; = ' . o < ^ * 

^ V A .tMi^tioti' detect Ion instrument waa^ used to dsasur^ the 'eKposure f r«m^ V 
V ^; a 'gamma source at some point 1^ was. one ;V'j; 

; * roentgen^ How much energy^ was- absorbed !per jj^am-of air at the Irridiated j 
' ; point? (Asai^e standard cohdltloni of temperature and. prei^ureO ' 

^ To form.i electroitatM unit rper 0/001 M3 gram;©£ MttV tfiertadt^tion,/ 
■ ^ mus t produce 1.61 x lO^^ : ion pairs when, abiorbed in 1 gram o'f . air. It ^ 
/ . 4a known $hat* on the average^ electron volts of energy itre transferred. ; 
' ,(or ^ absorbed) in the process; of forming each Ion pair in air Thus^ ^ 
i^^^-tKer=tota.lv^energy-^ab"sorte 

^ ■ . ; 34 eV x/l , gl X l& ^ ion pajra ^_ 5.48' 1^^ eV/gram - : 
- ■ ^ / -'ion pair' ^ • • ^ ^ 7 '-^ gram. - f . \ ■; ^ r - ; / ^ 

^ ors expressed Jin ergs' rather/than electron yoltsi r , , , ' , 

5.48 X itf-^ eV % K 1,602.x 10"-^ erg-. 87% ergs^gram ' : / 

■ = gram^ . ^ , = l ■ ; ^ ■ 

Since 100/ergs/gram is/ 1 rkd, then one roentgen of iKposure to a spebi- 
fic volume of air at standard -conditions . resulti In the- absorbed dose 
: of^*87 rad, . ^ . / . 

' IV, .RELATIVE BIOLOGICAL EFFECTIVENESS kW QUALItY . FACTO^ ^ ■ 

Although all- ionising radiations can produce similar biological effects ^ 
the absorbed' dose, measured in rada, that will produce a certain effect 
r may vary appreciably from one type of radiation to another*^^ Thfe dif- = 
.7 ference in behaviorV in this connactions is expra'ssed as a quantity eal- ^ 
" led the "relative biological effectiVenesa'' (or RBE) of the par.ticular 
nuclear radiation. The RBE of a given radiation may be. defined as the 
ratio of the absorbed dose (rads) of gansna radiation (speeififed energy), 
to the absorbed dose of : the given radiation required to produce the same 
/ biological eflect > Thus, if an absorbed dose o£ (J,2 rad of slow neutron 
-radiation produces the same biological effect as an absorbed dose of h\ 
rad of ganmia radiation 5 the RBE for slow neutrons would be: 

, , ^^-^ 0.2"rad - 

The value of the RBE for a particular type of nuclear radiation depends 
on several factors.: energy of radiation,, kind and degreee of blolpgical 

.damage, and nature of the organisms or tissue under consideration, Hencej 
for 'radiation protection work, a more general term is the "quality fac-' 
tor," The, quality factor is an average RBE factor based on macroscopiG 

\ effects of .radiation on Che humart organism,^ The quality factor is now 
used .in setting radJa.tion protection stin^ The term RBE is reserved 

for radiobiological wowk which demands more precise yalues. Typical values 
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, ' Unltg pf Radlacion EKposure and Pas^^ ' - - - ^ - 143 - 

of the quaL^ty* factoEr for/several 'types- of radiafcion are . given in 
Table 1. ^ ' ' , . - 

TABLE "Qualify Faetojrs (QF) for Ri'dietion of" Dlfi^rent Types 



Radiation ^ ■ QF 

K ' or gamma . . ' ^ 1 

beta . . ^ ' ^ : 1 

proton ' ^ ' * : . ' . 10=/ 

alpha ^ ^ ^: ;^ . ; . - IQ 

. f a s t neutron . - . ■'. . ;. • 10 

slow heutron " . ^ . -". 5 



v.- REH AND DOSE EQUimLENX - " \ / \ ' ■ ' ' ^ ' ■ V ^ 

With the concept of tfie teE or quality factor in mindj it is now useful 
to .introduce another unit , the .*"remV' ^tt abbrevi of ''roentgen 

equiyal^nt \man, " ' - >/ ^, . .a - ' • 

The rad "is a convenient unit for eKpressing energy* absorption, but it \ 
does not take; into account Che biological effect of the particular nu-^ 
clear radiation absorbed, The rem, howeyer, does: , 

^. ^ ■ . d^ose in rems ^ RBE x dose in rads, \ ' . 

This provides an indication of the extent of biological injury (of a 
given type) that would result from the absorption of nuclear radiation. 
Again, for purposes of radiation protection wprkj a different unit is .' 
.employedy the d obb^ egu i va 1 en t , - The dose equivalent is equal po the prp= 
duct of the absprbed dose in rads and the quality' factor, The^^^ rem and^ 
dose equivalent are.units of biological dose. 

As Table KIIl-I shows , the quality factor for gamma rays is approximate] 
unity. In general 5 the gamma radiation dose equivalent for humans is 
numerically equal to the absorbed dose in rads; it is also roughly eq- 
ual to the exposure in roentgens; T . . ■ 



VI, RADIATION PROTECTION GUIDES (RPG) " 

Three independent organisations have issued recommendations governing 
the exposure of persons- occupationally exposed to ionizing radiation* 
These are the National Committee on Radiation Protection (NCRP) , the 
International Commission on Radiological Protection (ICRP)j and the 
federal Radlatlpn Colncil (FRC) • " , / ' 



vj^Cfefe Unici: 6f ilidlat and Dose. r ' - 

Th© foHo^o^ing^^^^^^^ tecbimiiendations fdr perpons ' 

pecupatiohally exposed. The /values \^houi^ upper limlti, 

not be exeeaded^ without go ^ ; ; 

■ ^ ^ - - - V . ' ^ ' - ■ , 1 f 

; >- -:>■^'-^,^^ : - -; ^ - .Organs -.^..^l -. -c.- - : -. / KS^ - .'^ 

^gdnads^ red bone %aTCbw, whole body, 5 rems/yr 

skin, thyroid, and bone . ■" 30 rems/yr 

, hands aiid for eaif^s \ 75 rems/yr 

all other organs . ■ : ^ ' 15 rems/yr v' * . 

;*One half the annual RPG/^^^ a pertp^of ^3> monthi,.^ : 

The 'followtng expresaion relates the eKppsurt.ra^^ in milllroentgens 
. 'per hour at a given dia tarice^ firsm a point goujce to the; act tvity of the 
source in mliricuriesr " ; ' y ; ■ ' ; ? , ^ ^ 

IWherer ; / ' ^ , =: ^'.^^'^^V-. ■ ■ - ^ ^' - "' 

-. ; mR/hr- ^t >ohe meter per miillcurle-of activity 

E ga^a 'energy in MeV ' " . ^ = .. ./ 

i ;. n .ff number; of phb tons; of .energy E disintegratiqn 

jjL_ ^ linear absdrption poefficient for photons o 
. . air (uTiits - cm ). ; ;/ \ ^ . :■ : 

Example i Sodium-24 emits two gamma photons per disintegration* Theit 
energies are 1.3B MeV and 2 .76 MeV respectively/ ' The-|jL^ in air for the 
1.30 MeV photons ir 3.1 X lO'f cm""" f hus , 1^ - 1.56 X 10^ [(1. 38) (1) 
(3*1 X 10^^) + (2.76) (1) (2.65 X 10 ^)] or, ly - 1.8 mR/hr per milll» 
durie at 1 meter, Exposure rates at other distances are determined us- 
ing the inverse square law. (See Chapter V. ) 

SUGGESTIONS FOR FURTHER READING ' : V 

1. . NBS Handbook 84 , "Radiafidn Quantities and Units international 

Coimnission on Radiological-Units arid Measurements, Reporr 10a (1962) 

T\ International ^Conrolss lori on Radiological Frotectidn i ■ IGRF Pub* 9, 
Pergamon Press I Inc. y: New York (1966) . . 



\ •= : RADmTION PRpTECTION.lNSTRU : ; \ ^v/ 

' li SURVEY INlfRU^fflNT^^,,: ^ / ' ' ^^/■^-r^J^,* = ..^ \. .',r- .'^ 

Butvmy Instruments are usad to' measure eKt^ radlatipn levels in 
areas where radlolJsotDpeg are stpred arid used and to monitor for , 
aontamlnation in the laboratory^ Survey me^^ers^ are similar to othei? . 
radiation Instruinents .in their operational chatf^cterlstlcs. . 4. survey' 
meterrshould b'a portable-i rugg sensitive^ simple in. conetrucciort, 
and rellabla* Pbctability Implies llghtnesa^a^ a 
suitable handle or strap for carrying and generally a self ^qooLtainid-; 
pipwer supply, . , Rugged ness requires that atti ins trument be capable of 
wlths tandlSg Wi ly^^ itjivlCy 3eman3s 7^' ^ ^ 

response to the type and trtSrgy of radiation being measurad.t Rarely ■ . 
is one Ijris trument capable of measuring all types and energies of 
radiation that are enGounfeered In practiced Simpiiclty in, construction 
necessitates convenient arrangement of CQmponenta and simple circuitry 
comprised of parts which may be replaced easily* Raliabliity is that 
a t tribute .^whlch Sjnpl;tes the ability Co duplicate response under similar 
circums tancea , Reliabilifcy may be determined by checking the. response 
to a suitable standard source periodically. Although all of ethesi 
cdnditions may not be met in any one instrumen£^ they are approacheji fin \ 
many* In any mortitoringsituationi one must select the proper instrumeht 
uie it .intalligentlyj and then be able to interpret the r^esults of the x 
mater , read Ings , = v _ " . ^..^ "s , , \ 

A. Energy Dependence . 

The phenomenon known as ^ energy depe_ndenc,e ; iii one which is Inherent in 
all norTnal roentgen measuring survey instruments* If a survey rajSter is 
said to be ^'energy dependen-t ," or has "poor - energy dependence character** 
Istics,** it means that its readings are not ortly dependent -upon Intensity 
but alio upon the energy of the radiation being measured. 

There are basically two reasons fbr energy dependence in survey meters 
designed to measure radiation in terms of the unit known as the 
roentgen* (The roentgen is = a meWure. of the potential ability of k or - 
gaimna radiation to produce a specific amount pf ioriization in air. )^ 

Because^the ions collected within a typical Ionization chamber are 
producejain the chamber- ^m-t la , rt is Imperative (from the- definition of > 
the Fo'entgin) that the waills be made of an ^ir-equivalent material* 
The thickness of the chamber walls= is also of concern because the 
probability of .interactton and the penetrating ability of k and gamma 



^the student may wish to reread Chapter VI ' In order to refresh his 

memory of the basic principles of rad^iation detection before read Ine 
■= this chapter,; > , " . ® 



\, ; rays; ;as well as; theip asioci^ enitgsioAs, are functions 

■ ' Vof-^^nergy^^rn Very chamber = 
. : ; ^ Map^sje\ ^' Ideally , tHi =thlckness of. the chamber walls - should, be " . . ■ 

>Aijustab1re to. suit ' the eriergy: of .the fadiaeton, . Howev.er ,. this iiytbt * 
r dona iri^^ractice and the refpponse ofr^^a gly^ti chamber ^^^ll^not be the ^ 
- . same .^r" 'air ^nergiesJof . radia . ■V^ :;,.; ' ^ ; . * , - ■ 

■ ^- ' ' ' / . ' ' . \ i. -i '^'.-:- - ' --^ 

'^^^ Bh,;:^ Iwizati^rVv Chambers ; ,:,J-: ■ Ji ^ . . . 

'\ Characteristics ' ■ . ^ . V-. : ; .. ,"l ^ " V ■ ' f 

^: : Ipni^ation chambers -at j: intft^uirMnts : 1;A which; the, /idhiEatlon prod 
' ' /within xiia chamber by fad^atlpn; is m^asurid without further.: gas- 
\ amplif ication^ ;(Chapter VtO * P^WSy :idrif^;^f ormed In ; the chflmber ^are 
^ — ath-a^ted- to-^t 

/; lAropUf ied eKtertial^ currentX . The gas amplif ication / > 

j:;:; "factor is thus unity, ; Because air-fil led ^Ith' 
i air-equivalent walls collect only- the primary; ions as^oetated with tKfe 
rad^tion being/mDnltpred , they ;are basically well adapted to measure ^ 
, roentgens . Of ten they are referred to as being '*f undamental-' eKposure^ 
measuring ins trumenCs in tha t . their design is based upon the definition' 
of the roentgen, . : " ;.• . . * ; ^ . _ . ■■■ 

-. 2, Operation^ ; '^^y^ ,1'= - ■ --^ ■. \r ^ " ' ' ^ . 

' :-'^-: ':'" "■>:;-': ■ ; ^ ■-'■.^■v-^" / - ■ , 

Most ionizat ion chamber suryeyvin^truments have/a selector sv^tch ■ 
^ " marked /'off", »'wait,"/and xl,^ ;XlO,-^10d, When.th^ switch^ is off^. the ' 

bat terles^ are disconnected and the;meter la shar t-e ircuited makinp the 
' /; ins rrumeVit ^inQperative,. With the switch in the watt pos itlorij the 
: V: ^ batteries are rconnected J permitting the circuit to warm, up and the 

/IhS/trument" to be seroM afrer^ warm-up period of from V'^' 5 minutes V 
=w . Some *ins truments^' have a Eero pos itiber\ in whidh the, meter is connectBd 

while the ionization .chamber is disconnected ^ making it possible to. 

adjust the meter €b zero; even in the presence of radiation, 

/ The loniEation chamber ddes; riot wear out or suffer changes in character- 
istics as C-M tubes do; however , the circuit of the ionization chamber 

^ survey meter has mkny elements which can go. out of adjustment if nbt^ 
properly handled. Loose leads and weak batteries are sources of 
"trouble, but can be readily serviced. Other difficulties are usually ; 

^caused by faulty circuits which cannot generally bfe fixed without the . 
aid of a com^pe ten t . serylce man , ^ / . ^= ; 

■ V ■ Uses ' - ■ , '■ ■ .. - / ^ • ' ^ ' - . \ 

■ ■ . • ■ . ' ' . ■ . ■ • 

Ion chambers perhaps find^ their best use as roentgen measuring * 
ins tfuments . However, certain ones are also used for alpha and beta 
= mon L Corihg and , when properly modified, may be used for high energy 
..par tic le accererator survey and neutron .moni^ In^general j ion . 

chambers have low sensitivity and high range. They can be designed to 
' ihave relatively high precis ion and ^ond energy dependencf* bhar^r her is tics , 
' and are desirable instruments for general radiation safety and survey 
.; work. ' •' ■ ■ ' ..'-^ > . ; =■ - 

* . - ■ ■ ■ ■ ' = . ■ ' ■ . . . = 
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= a.; _;C©yidenear R-^meters = - ' ' " ^ \ ' = 

the cqndenser R-mefcer liVa very reliable ini accurate Irisfr^ for \ . 

.snaastirlng fekpbsures of- x and gamflia rays/; ^!lt;h3s eKcell^^ energy 
dependence characteri^tici and Because of its |reat preclalon ia qften 
uaad 1ES a secondary standard. The condenser R-metfer measures cutfiulatlve^ f 

- ex p o aur e and con al s t s o f . a ch a r g e r - r e d d e r mp chan 1 stn and p ay e £a 1 d a t a c h ab 1 
ion'^bamber's * The. chambers " are aval^^ rangep -f rom ,025 roen tgens 

full scale to 250; Jpentgens full scale and^^are deaigned for photon enec^y 
rar^gea aa^ followsV ; . / - - i / ; ; 

. \ ' / *r ■ ', . / ' ^ - ■ , \ : . " ' '/^ ■ ^ / ^- ■ 

_ J;,.. . . . : : , : 1 Jlow;; jener gy.._ ^50 : key ^ u. . • ■ -l ^ . - : . - . v. 

.. tnadiuin /.energy - 50 to 400 keV ; \' - 

^^^■^ ' -^ '.^J:_/:y-y^.: high en^t|y; -. 400 to l.aOO keV^ " / ' . \^ : ; ■ 

Rated accuracy ^ which is dependent ^upon chamber sIe© and .energy; range " 
design, /varies f rom + 2% to + :10%, provided the ehamber Is use 
proper energy range.r. ^ . v " . . 

''Cutle - " . : \- ' . : " / 

" The "cut la pie" is pethaps one pf * the most, widely used instrum^^s » 
.available fo^ radiological survey . worH- Xt measures .exposure .rat^, . = 
fyplcar full scale ranges are r 0.005^,^ 0.05^ 5, and 50 R/hr, .. In r ^ ^ 
geD^Mji cutie pies are intended to measure "Qnly*x and gamma radiation 
thpugh some have thin "end-^windpws" which also' allow beta particles 
to enter- the??; chamber, jlost cutie pies- are air filleds have reratlvely 
high /range and low sensitivltys , and are designed to ha\^e good energy ^ . 
dependence characteristics. " . ^ =: 

c. Miscellaneous ion chambers , ■ . 

There are other ionization chambers. which are "fairly un^ their 
design or operational characteristics. One of these is an alpha monitor 
called the Samaon | It has a large Lthin Mylar window which- alpha particlea 
are able/ to penetrate. Another initrument called the Juno has movable 
shields which allow discrimination, between alpha and beta gamma 
radiation. / A third type of ion chamber called the Radgun ^ ^s designed 
for beta and' gamma monitoring* It is constructed .of steel and is filled 
under high pressure ■with pure argon gas, three decade logarithmic 
meter and a three: range selector switch together T\jake possible a range 
of 0,01 mR/hr to IO5O6O R/hr^ . The logarithmic ratemeter on the Radgun 
exhibits extremely slow time response, 

C, Geiger-^lueller (G-M) Instruments 

1. Characteristics ' 



Since one^ measures each beta particle and each gatrana fay that produces 
ionization within the senlltive tube volume, thi G^M Instrument is ;« 



J. ^ 



1^8. ■ - ' , Radjiatlon' Protaatlon Ins.trii^enta tipn 



- aKtrpi^ely sensitive- to radlatiofiv . On the moat aenijtive saale back-,. 
grouncS radiation levels e^n ha read* - y \ 

,A Uiscf irtilna ting shield is :provided or tTie G^M tube or probe. which' ; 
' When open admits both beca and gamma.; ^With theVahleld cioaed. only 
^ .eainma radiation is admitted, ' 

' The . irtd^lca ting mechanisms on Gaiger counters "are*^usuaily two-^f old, , 
. viitj earphones vf or audible reiponae and a microammater for visual 

. Indlcaf ionT^'^ in 'geheral/j. :*tfhe dial of^ ..^^^ in 
^ counts/minute and/or milllroehtgens/hour*- The vinstrument ^Iso has a 
switch for ielaccing different ranges of sansitivity, . ^ . 

2, Operation^ Hi : ^ . ; ^ - — H \ . ^ 

The -operation of the G-?M.survey instrument is . essantially the same as 
chat of the ioni;^at ion ohamber survey instrument* The warm-up period 
is. much lass qrlticaij and usually 5 to 10 aaconds is ample* Care 
should be taken not to exceed the maKimum capacity of the instrument^ 
such excessive exposure may damage ^;che G-M tube. The ^-M tube is in 

. operation ^hen in the .'-on'' positj/on and rto aaro adjustment is possible. 
It Is important to remeinbetf that G-M survey meters are" sensitive 

,instruments and In general do' not read high I evils of radiation 
intensity. . Fur'thernfore , many G^M' counters When exposed to radiatioh. 
intensities beyond their capacity , will V^Swamp" ; i,.e,j fall back Irbm 
full scale and give a IbWj but deneptively --real*' reading. 

Because G-M counters normally do not have ,alr equivalent walls 
are essentially count ratemeCerSj rather than primary ionization* 
mea=iurihg da vice^j . they tend Co be very energy dependent, Wheq 
used_ to measure- x or gamma radiation in unita of roehtgins j they mu^t 
bfe calibracad with known quantities of radiation of the appropriate 
energy range, 

D. . Uses ^ - . \ ' \ 

, . ■ . " ■ . ■ ^ ' .* . 

Ge Iger-Mue 1 ler survey instruments are useful for iow= i^vel . beta and 
gamma survey work. Their high sens itivlty makes them very desirable 
for monitoring contamination and for detecting lost sources, ^ in this 
respect ear^hohos= are especially dasirablcj because the survayor does 
not have cb contlnuaily lopk .at the meter to get a response.. Full 
scale rangas. in a. typical G-M survey meter are* 0,2^ 2,03 and 20 
mR/hr, ■ ' . ^ \ . ; . . / ; ; : 

Proportional Survey Instruments 
1, ^ Characteristics ^ . - . 

Proportional instruments are name^ after the region of the ins trument 
response in which they operate* (Chapter VI), Survey instruments 
of this type, use a probe which has an extremely thin window which- 
admits alpha particles into the chamber. The operating voltage Is 
typically of the order of 1,500 to 4,000 vol ts , with gas amplif I'cation 
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factors, of ib^ to io^ , %he -vditag^ pro- ^ :^ 

jportlonal count^tiris mu^ greater.; |Jiai^ for counters*^ The majLiv 

a4va^aga;,^\lAstruments. w prSpott iSttml/r ' V^r'' " 

^rath0r: ;feh^ the^^*M ragionVis t^ir^-itiKa^fi^^ capability, pf^d la tin- 'X . 

gu 1 a h 1 ng" a 1 ph a ; f r onx b e t a and gamSii''' ia d^la 1 1 on . - 'A 1 ph a pa r t i c,l a g ^ because. 

of thair high specific "ipyil^atlon ^ prodybe larger- pulgLiea than do beta - " 

par;P^^es ^Jknd '^ga^a fcays,. 'By prop^ vol tage s'0ec t^bn' and ydisc^ Iminatd^ 
;a:d justment^ ; it. Is^^pptsiBle" to dlacriminate .tfgaihst the pmal4™|^ata ; ' 



gamnta pulsts" whila;accepting arid 'reading .those due to alpHa' par ticlaa, 

The mete^^ia lisually 1^ counts pgr/ mihute vwtth several vse^^tivlty. 

scales . Earphones can also be use.d with propor ttorial ;counters , " 

. 2.^. Operation and uses. . . v , . . ... . ... - ". r • . - .L . . ^ . " ... 

The opera&ton^'of' the proportional rTadiatlon sUrvey instruments is 
s imilar to other ins truments, A warm-up period of saveral minutes' ^ 
; is usually required to allow the circuit \tQ become properly stabillEedj^ ' 

By reason of vthalr inherent capability of , discriminating between a 
and beta- g^amma\ r^diationi ptopdrtidnai suwey ins truments are very 
'#€airable as alpha contamination monitors, ^ , 

F.' Scintillation Survfey .Instruments 

1\ Character is tics- . 

Scintillation phosphors may be liquid or solidj but for survey work 
the solid type is, at present^^ preferable; .To j^etect alpha radiation^ 
a thlnlayer of silver activated ilnc sulfide is generally used, - For 
the det^tion of beta radiationj ^phosphors such as naphthalenej 
ftllbenei or anthracene 'are .used These are covered with a thin ■ . 
metal :foll to shield against alpha radiation. Sodium iodide crystals 
sealed in a ^housing: which will shield against alpha iand be ta^ particles 
are used for ganma radiation detection* 

2* Operation and uses. ' . ^ 

Operation of scintillation survey instruments is ^similar to that of 
Ion. chambers and G^M instruments.; Xt should be pointed but that the * 
.photomul tiplier tube of a scintillatiqn ins trument may be damagfed if 
exposed to light without first removing the voltage applted to^ the 
tube, ■ 



As previously pointed out/ scintillation^ devices may be used to detect 
either alphay beta ^ or. gamma rays. depending upon. the phosphor used. 
Scintillation survey, instruments are even' mpre sensitive and 'efficient 
than G^M cbunters, particularly to ganma radiation^ and may be used \ 
to detect ew^remely low levels of activity* Losses due to dead time 
in a scintillator are very slight, as the decay time of the light 
flash is very short. ' ^ \ : 

At present / aclntlllators find their greatest use as' alpha, gamma and 
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^l^]jtxOTt Ksdftti^p-wonj Chfe^V .well asl pj\oppttional, 

^ ^i&htert fcenfl: ;;b^ expensive than either lonlEation( 

chtobers ;or G^M aiirvey Instrumenjcs r ' ' V= ; " * ^ / . ^ . / . ■ 



.pWi^ati^Rof -Survey IrtstruniWt^ 



■ V 



The 'tnetirs on some survey lirtptiruments" arr'^B|^^afced* to r^d directly 
In units'' of "radUftiph actiyity ^^d^^ disiijcegratlohs 
per ttinuta^ tnR; p^jt hou^s^'or neutrons per square, cehtlmfet^^ftper Siscond * 
However s - this may > Gonsldf rable er^om^becau ehlng^ In"^ the^ ! 

Gh^tact^f l&ilca b^^^'lp^ : cbmpopgnts ^^-dr she insttuMfifc^ from^ the / 

time 6f the manufactuMr's calibration may causa-^a Ichangfe |ft^lnstrum 
response* Also if ^aasurgment of a different type ;or aner^';of 
Tradtatlsn than7thit"^uttfd by^ mi3e^";tHC MSultl^m^ ^ T 

be lA error. It Is. e^ential :that all survey meters, whej:Kfer they 
are direet .reading ot relative reading devices, b^^calibrat^d periodically 
to ensure proper reading. V ^-/l « ^ ^ 



Survey' instruments ,^^ou same eohdltiohs for 

which they are inten|ed^s^dn:d with known ^intensities of radiation of the : 
same type and energy Ms ^ the radi^t^ .to be monitored* It is important ■/ 
to calibrate the meter_pver the entire scale on each range selector 
sptting to' determine any^doae^ rate dependence , v . >■ ' . 

Ii; PERSONM^ MONIToklNG-IpTRUMENTS = \ ; ^ ^ . . --^''/^ 

Peradnal raonltoring Insrftui^nts^are^de measure .the accumulated \ 

eacternal exposure or dose 'a^^feriori receives pver some time interval* ^ 
Hencfi, they are lntagratingUii4^ices ^rather than dose rate meters , as , 
" are many survey instrumen{fis*./^r;Thl3, m^ans they :must be light and /comp^t ^ 
enough to be carried bn the person; durin| all working hours* . ^Xlio, - ^ .^.^ 
they must ' be relatively inexpeniiyfe because each person in the' laborittory , 
who works with radioactivity miist .wear some type of personal monitoring ; 
instrument • . • . . .. . >^ , - . , . 

The; ideal pafsonal monitoring ; instrument wduld accurately me the 
biological dose , In rams received' by ,thbse ^§rts of the bo^y*' considered, 
to be most: vital from the standpoint of chronic, low livel radla'tipn 
'exposures^ l.e* , blood forming oi;g4ris'and^ raproductive. organs* This. 
Idaal instrument would also glv^ an accurate measurement of dose 
Independent of the type and energy , pf\ the ■radlatloA producing^ the dose , 
Since these criteria are not me t=. in any iiistrument presently available, 
it is riecessary to start with ^a- convehientiy measured quantity* For k 
and gamma radiation, the roentgen; ^an be readily measure^ In. §lr at 
.the surface of the body, " Then, .tktTbiblogical dose to organs at ^ ' . . 
different depths within the body may ba estitnatad by meaps of 'calculations 
which* are .beyond the ^Icope^ of thlsf \mpnual , Personal^ monitoring 
Inscrumerits that measure the roentfcen a photographic filing self- 
reading' pockfet dosimeters , and poniens:er, tyjpe pocket chambers * ^" .In recent', 
yaars ^ tharmbluminescent media have"; been us^d. 'in personal dosimeters. 
This type of device measures energ^:a^sorptlon directly and the reading/ 
can tee readily meaaured' in air at the surface of the body, - This type 
of device measures energy absorpf ipri directfly arid the reading can be ■ v " 
readily converted to rads." ' I f . V ' ■ ^ 



Radiation Protection Inst rumen tadion 



A. ■Film -Dpslmetry^ ; . / 

'The most widely used personal: doalmetar at present. is the film badge 
Whloh- consists' of one or more smail shaets' of photographic film enclose 
in a plastic packet Film dositne^try of fers three important advantagesi 

= . (1) .' It provides a .permanent record of each individual Vs 
accumulated exposure, 

(2) It is economical r costs ^range from less than 50 centsVto . 
$1.50 per readings depending on the number of films read. 

(3) No technical knowledge of dosimetry is required of the user. 

When .^radiation, is absorbed in a film emulsion^ some of the silver halide 
grains which make up the emulsion are altered in such a way that they . 
react differently toward certain reducing agents known as developers^/ 
i.e., those grainp affected by the radiation are reducid jo metallic 
siiver by ' the ^developer at a faster rate than the other grains which 
were not affected. This developabie state .produced in- i photographic ^ 
grain by the action of the radiation is called the latent itege . The 
optical density of the developed. film is proportional, to the exposure in 
roentgens,. The exposure vs.^density .rela'tionship must be determined by 
a comparison with £i^ms exposed to known amounts of rmdiation bf 'the 
same. energy since the optical dknsity produced by a given exposure of 
radiation is strongly dependent on the energy of the radiation 1 Phbto^ 
graphic. emulsions ire much mori sensitive to low energy radiation than 
to high energy , / Many film badges include metallic filters,, which 
attenuate the low energy radiation in varying degrees j. thereby enabiing 
the reader to estimate the energy of the/radiation to which the film 

was exposed. ^ ' 

■ ' " ... ^ _^ > \ • ' . ■ 

Phptpgraphic film may ^also be used to monitor external beta radiation 
dosesj although^ as .stated \previpusly, the roantgeri unit does not apply. 

In most laboratories, films are changed once each mpnth, -Longer 
accumulating periods would be possible were if not for the fact that 
the^ latent image may fade appreciably after long periods of time. 

B, Self ^,Readlng Pocket Dosimeter ' ' ' _ . 

■ . B . ! ' - 

'A^ self-reading' ^pocket dosimeter is a chamber containing two electrodes, 
one' of which is a quartz -fiber loop , free to move with respect to its-^ 
mountlrt^. Like charges from an external voltage source are placed on ' 
the loop and its mounting resulting in a repulsive force between- the 
twp which forces the^^loop Outward fromVtha mou^t. -Ionization in. the 
chamber reduces the charge^ and allows the fiber to move toward its 
normal positiLon, An qptical system. and a transparent scale, are all ' 
enclosed' in the instrument , which is about , the size and shap^e of a 
large fountain pen. The, end of the dosimeter opposite the eyepiece is - 
made of glass to' allow light to. enter. ,Mence,, the quartz fiber casts 
a shadow on the Liransparent scale, which is calibrated in millirdintgens 
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or roentgens. The advantaga of the self^reading pocket dosimeter is that 
it can be read at any time without the aid of a. supplementary reader 
simply by .holding it up to a light source a^^d looking into it... 

C. Condenser- Ty/e Pocket Chamber ^ . ; ■' 

A condenser, type pocket chamber has -a cylindrical electrode well 
insulated from a Bakelite wall,. A charge is placed. on the center 
electrode by means. of . an external charging unit. Ions formed in the 
chamber^ reduce the charge by an amount propprtional to the radiation 
exposure, The condenser type pockit chamber differs from the self^readln 
ddsimeter .mainly in that the quartz fiber mechanism and optical system 
,are in an external utiit • , Hence, the chamber must be read with a - 
separate unit called a charger rg^ader . The. pocket chamber is similar 
in size and shap^ to a fountain pen. The advantage of this unit is its 
low cost as compared to. a self^readlng dosimeter Both types of dosi- 
meters shoald be recHarged d^lly since significant leakage of charge may 
occur over long periods of time. 

D, Thermoluminescent Dosimeter 

Thermolumit^escent dosimeters are small vials containing a small amount 
of some thermoluminescent powder such as lithium flouride. Upon exposure 
to ionizing radiation^ electrons in the cTystalline structure of the 
material are eKcited to higher energy states where a certain number 
are "trapped" in "sensitivity centers" (see Chapter VI) i Upon heating 
of the powder^ the electrons return to the ground state and the excit- 
ation energy appears in the form of visible light. The intensity of the 
light is propor^tanal to thp energy absorbed by the crystal. Advantages 
of thermolumindH^R dosimetry are^ (1) it provides a direct .measure-- 
ment of energy JJpKption , (2) the powder can be reused indefinitely 
as long as it is properly heated ("annealed") after each exposure, 
and (3) dosimeters can be used for several weeks at a time wlthQut 
appreciable loss ofj^the stored energy. 

Ill , SU>.Q'IARY / . 

RadiatLon protection Instruments as used in nuclear medicine laboratories 
fall into two categories - survey inst,ruments and personal monitoring 
instruments.^ Survey instruments are used to ascertain the external 
radiation levels which exi'St in areas where personnel or the general, 
public may be exposed and to check for radioactive contamination* ' 
G-M tubes s ionization chambers, arid scintillators are commtonly used in 
survey instruments. Personal monitoring instruments are used to measure 
the amount of radiation dose Vecelved^ by laboratory personnel. Types 
oft personal monitoring inslruments include film badges , self-reading 
pocket dosimeters, condenser type pocket chambers ^ and ^thermoluminescent 
dosimeters , , * ' » 
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.PRINCIPLES OF RADIATION PROTECTION 



I, . INTRODUCTION \ ; " : \ 

To , faciritate the discussiQn of radiation protection sources og radla- 
tion exposure can be divided Into two categories : ekternal and internaU 
Sources of; external exposure are outiide the body^ e,g. , K-ray machines, 
sealed and unsealed sources of radioactive materials , etc. Internal ex-, 
posur^ sources are radioactive tnaterials that gain eutrancG into the 
body through ingest: ion J injection, inhalat^ionj or absorption through the 

.skin, " ' . ' = 

» ■ ■ ■ 

II. ^ EXTERNAL ^DIAT ION HAZARDS . ' , " 

. Av Sources . ■ . • 

Gamma rays from radioisotopes are the most common external radiation 
hazard encountered in niiclear medicine laboratories. Because of their 
high penetrating powers high energy gamma rays can irradiate the entire 
^ody almost uniformly. Low energy garrana rays and x rays are less .pene-^ 
t rating 5 and result in a more superf icial dose distrlbutionp ; 

Under certain circumstances , beta particles may constitute an eKternal 
radfption hazard.^ The dosa from the beta particles themselves is limited 
matnly to the skin, Howetrerj^ enough bremsstrahlung Interact ions (see 
Chapter V) In the sourceit container may turn a "pure'' beta emitting source 
into, an x-ray generia tor. Hence^ the nature of the eKternal hazard as- 
sociated with beta particles is twofold, 

Neutrons are a very s ignif icant.external radiation hazard, the nuclei 
set in motion by collision with ' heutrons have extremely high^ ^^alues of - 
specific ionization, causing a high relative biological effectiveness 
with neucf on irradiation, But most nuclear medical technologists are 
not exposed to neutron sources,. , High levels of eKternal neutron radia- 
tion are limited primarily to nuclear reactors and particle acceleratbr 
installations, Theref orej neutron protection principles are not dis- - 
cussed here * ^ . v ' 

Alpha particles from radionuclides constitute no external radiation 
hazard, because even the most energetic ones will not penetrate the 
horny layer of the epidermis.. 

5, Principles of Protection * = . 

1, Distance . ' . 



Distance is not only very eifective but, in many ins tances ^ - is the most 
easily applied principle. of radiation protection. Beta particles of a 
single energy have a flnite^range in air. Sometimes the distance af- 
forded by the us'e of remoCe control handling devicos will supply cotnplete 
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protection,;; Thu inverse, square law for reduction of radiation intensity 
applies for pbint'^sources of K-ahd garimm radiation.' ; ■ . - v. V. ' 

; The inverse squarB law states that ^radia^^^ intensity from; a point 
.source varies 'inversely .as the square of the 'distance from the source * • 
Expressed* ma thematlcaily, 



Where- L ^ radiacion intensity at distance Ri from the source 
. Ip s radiation intensity at distance ^ from the source 

•Jnsp^ctioh of 'this formula will show that doubling^ the distance from t^e 
soutrce. dqcreases the intensity by a factor of k\ increasing the dis- ; 
tance by a factor of .3 reduces the radiation ■intensity Eo.|- of its 
vdiues- etc*. The inverse square law does not apply to eKtended sources 
or radiat ion f if.lds arising from mulctple sources, ^ 

X-ray tubes let sufficiently like point sources 30 reduction calculations 
by .the inverse square law are valid. Gamma-ray ^ sources whose dimensions 
are small in cdmparison to the distances involved may also be considered 
point sources. 



2, Shielding . . _ _ 

. ■ - . -v 

Shielding is anocher prime principle of radiation protection. To apply . 
shiGlding methods to x^and-gairana sources^ one must understand how x and 
ganmia rad la Dion are a t tenua ted in an absorbing medium., Energy is lost by 
three principal methods --photoelec trie effect, .Compton effect, and pair 
prndtic c ion. . / 

. ' •;■ ■ 1. ■ ^ . ■ ■ ^ - ^ ; . . 

The pfedominant mechanism depends on the energy of the radiation and 
the absorbing mat.erial. The photoelectric effect is most imporMnt at 
low energies^ the Compton effect at intermediate energies, and pair ;3ro- ^ 
ducEion at high energies. The last cannot occur unless the incident ra-t/ 
dlation has/at least" 1,02 MeV of energy, As x-- and gamma-ray photons 
travel ^through an absorber, the amount .of attenuation is 'governed by the ■ 
energ^y of the radiation and the type. and thickness of the absorbing med- 
ium. Mathematically, this may be eKpress.ed as 

: I - fce^^^V : 

where: Ic ^ Intensicy of radiation beam at point P with no absorber\ , = 

present . . • ' ■ 

I - uUenHUy of transmi&'ted beam . ' 

/ - linear a t t^enua t ton coef f ic ten t • ' 

K ^ thickne/^H of absorbeir^ = ^ 

e ^ bas^e of natural logarithms . 

...... ^^U - , 
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The relation is shown diagrammatically in Figure XVI --1. 




. ' =^ Figure XVI--1 ^Radiation Intensity 

; _ (a) No absorber and (b) Absorber , 

IJsiiig thiB formula, one can calculate the radiation int ens i ty 'beh irid 
a shitjld of thickness or calculate the thickness of absorber neces- 
sary CO reduce the radiation intens ity Co" a dasired level as long as 
the/, factor Mo is knowns This factor is called the 1 inear . a 1 1 enua t ion 
/ " coaf flclent . The value" of ^ however, depe*nds on the energy of the 

.radiatibn and the type of absorbing meglium* , ^ 

: = Tables and graphs are available that give values of ^ daterTnined ex-. 

per.imenta lly for all radiation energies and for many absorbing materials. 
The larger the value of pi^ the greater the reduction in intensity for a 
.... gi^en thickness of ma^terial,.. The fact that lead has a high iJq for x and 
gamm^ radiatipn is partially responsible for its wide use as a shielding. 
; mater tal* 

- • ^ ' ^ \ 

; . Th^ preceding equation is id-en&ical mathematically to. the decay Im^ 

(Chapter IIL) , i,e, J gamma- ray at t enua t ion - in ma 1 1 er basicdlly follows 
an exponential relationship. The 'at t enua t ion can depart from this simple 
eKponential law if a significant amount of scat tered rad ia t ion contrib- 
^ utes to the intensity at the po.int of interest, i.e., the exponential = 

equation assuTTies all interactions are total absorpt ion events , The Comp- 
ton effect resulcs in only partial energy absorption. The scattered ■ 
photons .may significantly increase the radiation intensity over what 
would be predicted by ^the exponential equation, If this is the case^ 
an empirically determined factor, called the buildup factor, is used^ 
to compensate for the scatter. The equation becomes I - bp ^ t ^^"^ , 
where ^3 is. the^ buildup factor. Tables of buildup factors appear in 
. several references, , 

l^fhen. designing shields, it must^ be remembered that gamma rays can be 
scattered from walls, floors, and other structures near enough for 
scatter to be appreciable. A' simple '-shadow shield'- may not always he 
. adequate. It may ba^necessary to completely enclose high level gamma 
sources to reduce the radiation intensity in .nearby areas to an 
acceptable working level, ■ ■ • .' . 

, . • • , • • . ■ ■ . -I ,j / ■ ■ ; . .. ^ 
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Shielding wlIL also attenuate beta radiation, and it takes relatively 
■ . little shielding to absorb it completely. Therefore, the general, prac^ , 
. " ' ' tice is to use enough shielding for complete absorptiDn i. For . low energy ^ ' 
beta emXtters in solutions . the glass container generally gives complete 
absorption. Iri jnany cases , plastic, shielding is effective and convenient. 
The absorption of high intensities of betaSradiation results in the pro- 
duction of another . electromagnetiq radiat.io^n, bremsstrcihlung . This is 
;\ X radiation caused by the deceleration of the beta particles.. It is \- 
more penetrating than, the beta radiation that produced it, and must be 
considered in shielding calculatiohs . Since bremsstrahlung ptoductlDn ' 
is proportional to the atomic number of the absorber, it can be mini^ 
mized by asing low Z materials for beta shielding* The same principles 
which apply to attenuating k and gamma radiation from conventional / 
sources apply to shielding against bremsstrahlung radiation* ^ 

Tables or graphs are available that give the maximum range of beta . 
■ ' particles of various energies in different absorbing mediums . These can 
be used to calculate the shielding necessary for protection against beta 
radiation. ^ 

. . i ' 

3. Exposure time ' ^ ^ * ' . 

. it may^ occasionally be necessary to work in areas of high dose rates* 
This be done safely >y limiting the exposure time, so that the total 
dose received' is within recommended limits* For example^ the technologist 
working with a high level gtock solution may have his hands exposed 
momentarily to high intensities of gamma radiation. However, by working / 
expediently and ef f icieritly , the exposure time can 'be limited to the 
. point where the total dose to the hands is not excessive* 

Some combination of the foregoing factors (time , distance, and shield^ 
ing) c^an be used to limit the hazards involved in any procedure involving 
external radiation sources. 

^ ^ III/ INTERNAL, RAD lAtlON HA^ ■ 

Internal radiation exposure results from the deposition of radioactive 
material within the body throtigh inhalation, ingesrlon, or skin absorp- 
tion* Internally deposited radioaati-^e material produces continuous 
radiation expdsurfe until it decays or Is removed from the body by meta-' 
= .- bblic processes. Therefore, internal radiation exposure can be control- 
led only by -^prevtnnting the entry of radioactive material Into the body* 
It follows that Internal exposure control is essentially a problem of 
contaminnt [on contrdl . ^ 

V ■ • The h:r^.srfl by a radionuclide inside tfte body depends on: 

(1) tliy nmoijiil: of rid luinrcl ide in the organ; (2) the energy of the V/^ 
emitted radiation; (3) L^elative biological effectiveness (RBE) of the v> 
- radiat [on ; (4) unlfprmfty of distribution within the critical' organ; ^ . 
(5) si:^f* ami cuinont ialLty nC the organ; and (6) effective half-life of 
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Che radionuclide. The effective half-life of a, radionuclide is a measure 
of the decrease in radioactivity in the tissue with'time. It is determined 
"by combining the radioiogic^l half-life (T^) and biological half-life (T^) 
as follows I : 

^National Bureau of Standards Handbooks 48 and 42 group selected radio- 
nuclides according to their relative radiotoxicity by weighing the prev- ; 
iously mentioned factors J considering the u^sual quantities involved and. 
the mod^s of handling in typical eKperimenls, 

A* Type of material > . - 

1* Alpha, emitters 

Alpha par ticXes, lose their energy very . rapidly in the'^^dium through, 
which they pass because of thpir relatively large ma as and double posi- 
tive chargep Their range is -therefore very short. Aj 4 MeK^lpha parti- 
cle has, a range in tissue of only a few hundredths 62 a mllloigter and 
can travel only 3 cm in air. Accordingly , alpha par K^leajdoj^^J^^sent . 
an external radiation hazard. However, alpha emitters do present otTl^f 
the greatest Internal hazards. When deposited throughout a vital organ, • 
they can cause cdnsiderable damage because of their relatively high en^" 
ergies (4 to 9 MeV) and high^specif ic loniEation, and because their RBE 
factor in tissue is about 2p times greater <han- that, for beta^ and gamma ■ 
radiation. Also^ many alpha emitting radionuclides concentrate in the 
compact bprie, where metabolic "turnover rates are very ^low. Alpha emit^ 
ters, which have a long, radiological half-life, can cause Irradiation 
of bone tissue for maft^ years = aSter intake. Alpha emitters are not used 
in nuclear medicine procedures for the reasons just stated, 

2* Beta emitters ' ' ' \ " ■ 

Beta particles are lighter and have less charge than alpha particles. 
This results In a longer path of travel ^ with less specific ionization. 
Accordingly, the relative biological effect of beta particles is much 
less than that caused by alpha radiation. For example ^ the absorbed 
energy from beta radiation :must be approKimately 20 times greater (per 
unit mass of tissue) than that from alpha radiation to produce the same 
biological effect. Both alpha and beta emitting materials are considered 
primarily internal radiation haEards, although beta radiation may also 
represent an external hazard when the energy is sufficient to penetrate 
the dead layer of skin. External beta burns can be eK£remely Minful 
and slow to heal. Mr . 

Typical beta emitting nuclides include strontium-90 ^ a fisslOR product, - 
which decays with a radiological half=life of 27,4 years. ^ Its *radlo- 
active daughter, yttrium-90, is also a pure beta emitter. Strontium-90 
has an effective half-life in the bone of approximately 17»S years. It 
is a bone seeker and considered a very dangerous internal radiation source. 
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' lddine-131 M-S also. a fissidn product and a beta^-gamma emitter. 'Xfc Gmlts' 
beta particles with . average ener|ies of .0.22 MeV, Clhs effectivehalf-. 
life is about 7 ,6^ days. ' The, ^rgan q"£ highest concentration is th6 thy- 
roid gland, -Nat^^i^al Bureau of Standards Handbook, No , 48 classifies 
this radioisot^/e as "moderately dangerous.*' Because of its short half- 
life, it would have to be Ingested or inhaled in relatively large quant=, 
ities or over a relatively long p€r4o"d do constitute a serious hazard, 

3* Gamma emitters , ' . ^ ' ' . " . . .. 

Most, alpha and beta emitters give of f associated gamma radiation * 
Because of its relatively low specific ionization-, less energy pet unit^ 
path length is deposited in tissue from .gaimna photons than from parti-- 
culate radiation of comparable energy, Henceifor materials that emit 
both; p,articies and photons, the gamma rays are responsible .for much less 
oE Che absdrbed dose than :the alpha and beta-particles. Consequently, 
''pure" gamma-remitters (1 . e . , no 'particulate radiation is emitted) " rep-- 
resent much less of an internal hazard than do alpha and beta emitters* 

B. Modes of Entry ^ '^^ ■ ' . ' . ■ 

1. Inhalation ' %^ 

For materials capable of being- airborne (pQwders or volatile liquids ) , 
Lnhalation as one of the prinelpal potential modes of entry Into the. /. 
body. . The. absorptipn, retentions' and elimination of material taken in 
via Che lungs depend oh such ' parameters as. particle s^Ee of the inhaled 
material, solubility , and rate of respiration of the individual.: 

2 . Ingest ion^ - , _ 

-Rad Lonuclides can"-enCer the body by absorption of inge&ted material from 
the gastrointest lonal (GI) tract. The per- cpnt of ingested material 



absorbed^ by the 



in the feces, 



bloodstream depends on ' its chemical ^. and physical form. 



A .large proportLon of insoluble ingested material ^is rapidly excreted 



lowever, trrsdiation of the GI. tract itself by such, 



materiaLs may Honstitute .a significant internal radiation hazard, 

3. Absorption!" " ' ' ' ' 

■I ' ■ 

RadioactXva mater^ials can also enter the bloodstream by absorption 
through the unbroken skin * or 'through abrasions, cuts, and punctures. 
Th4is , all peTrscinnei working with radionuclides should follo.w proper 
procedures and' wear protective clothing to prevent contact with, the 
skin.' ^ \( . ^ , 

C. FundamGntal Principles of Contamination Control 

internal radialtion eKposure can be controlled'only by preventing the 
fentry of radiokctivi material into the body. As previously stated, ■ 
internal ^posure control Is essentially a prgblem of contamination 
control. The tt^o ffundamehtal principles of contaminafiion ,control are 
containment and cleanilness-. 
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The spread of radioactive CQntamincition may ba minimized at several pplnts 
Concainment (i.a,^ the restriction of active materials to . specif led' areas) 
is. the first line of defenseV This is achieved by adopting Xhose operating 
. techniques and laboratory methods best suited to the particular radio.^ 
ndcllde J careful choice of equipments and ^proper ^ discipline . 

. 1, ■ Operating techniques . ^ , - - ^ ^ . . , - ; 

-The choice of processes and techniques for handling radioactive materials ■ 
is a very important part of contamination control* Important aspects to 
be considered arei . ■ . . ' / 

(1) During radiochemical operations, the working surface should be 
covered by either metal trays or a layer of disposable absorbent 
material to soak up spilled liquids^. Blotting paper and diaper 
paper (heavy absorbent paper backed with Impervious material such 
as-oiled paper) are^ used extensively. The latter Is preferable 
since- it prevents liquids from reaching the bench top. . 

(2) it is w^arthwhile to carry, out a complete '^duimy run^l on a new 
■ proicel4ureywlth inactive materials before, any manipulatidn involv-- 

. ing rad^toactiv^e sources is undertaken. In this way, unexpected 

difficulties may be diacovered,. weaknesses, in equipment detectfedj * 
and. the procedure modified accordingly* 

: ' (3) Reliance should never be placed ^on single containers ; suitable 
:drip trays or double containers should always be used and should be 
capable of holding^ the entire contents, of the primary containers • 

(4) Potentially contaminated equipment " should never be handled with 
bare hands, and pipetces must never, be operated by mouth suction* 
Glass blowing in active areas or on concaminated equipment should 
be done with special techniques which avoid blowing by moiith. 

2 , Equipment 

a* Radiochemical hoods 

Laboratory operations accompanied by the evolution of radioactive fumes 
or gases require the use of radiochemical hoodi , The inner surfaces of 
the hoods. shou3.4 be of nonporous material (e^g, , stainless stSel) , The 
surfaces may also be covered with a strlppable paint to permit eas^ 
decontamination*^ , 

b , Glove boxes 

The glove box is a totally enclosed chamber in which alpha emitters and 
.low energy beta sources can be- handled safely. The advantage of glove 
boxes I apart ;from the obvious one o.f confining contamination within a 
totally enclosed space', is the small air supply compared to the generous 
air fldw, necessary in the usual ^hood system to preven.t escape of , 
activity into the working atmosphere. The disadvaptag.es of glove " 
boxes are the extra time and labor invplved and the 'difficulties of / 
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■ working inside, them, but they are indispensable for work wlth.drv powders 
- of highly coxic material above 'certain ievelSi . ' . 

c. ^Segregation of equipmeric _ " 

Air gqulpment usei for handling the , active material must be segregated 
and used only for this work. ^Marking the equipment "radioactive" helps. 
This segregation Is particularly important for glassware and handling 
equipment such as tongs, which can easily transfer contdminatioh f torn 
fume hoods to. the open raboratory, 

.3* Discipline ^ 

a'. Clothing ^ 

All personnel working in radiation areas must wear the preicribed 
protective clothing. The degree of clothing change considered necessary 
, depends on the level of activity and the types of operations. In tracer 
laboratories a standard laboratory coat will suffice. In intermediate 
I level laboratories , labDratory coats/and a change of shoes shQuld be 

compulaoryj and it maiy be necessary to have a complete change of cloth- 
ing plus a shoe change. Associated facilities will range from coat- 
hooks in the laboratory to a sui'tably located change room, 

^- b. Personal effects 

Unessential personal litems should not be taken into the active area, 
Foodj drink, or smoking materials should reTnaln outside an active area^ 
and nothing should be placed in the mouth while working in an active 
. area, ^ . 

2 . Cleanliness 

J* 

P.;opfr operating techniques must he- supplemented by cleanliness and i 
good housekeeping. These will minimize the spread of contamination' and 
prevent the buildup of significant levels of contamination. 

Cleanliness in a radioisotope laboratory goBs beyond just visible clean=- 
liness. It involves the regular monitoring of the laboratory equipment ^ 
personnel, and operating techniques , followed by prompt decontamination 
when necessary. Working surf aces , floors , and all other surfaces should 
be checke'd regularly. 

In. areas wheri no sources of sufficient strength to cause a high room 
background are stored, routine monitoring of bench surfaces, floors, 
, etc , may be^ dbne with a portable survey Instrument, The instrument 
must be one that will respond to the type and energy of the radiation . 
used. \.(See Chaptdt XV, ) = » ' ^ 

If a high background exists which would preclude the detection of traces 
of contamination with a survey Instrument, small pieces /of filter paper 
/■may be used to wipe the surfaces. These wlpep may then be removed to 
_ another area and counted with a laboratory counter. Ag^n, care must 
# be taken to select a .counter whose detector is sensitive' to ^the ^ type 

and energy of the, radiation under study. ; V If ' 
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Everyone worklrig in ah active area should wash artd monitor his hands, 
before leaving, particularly at the end of the. day and. before eating* 



D. .Management of Spills ■ ■ '- -. . / 

In the event of a "spill" or accident involving the contamination of an 
area, personnel protection and the immediate confinement of the contami^ 
nation is of primary importance, A standardiaed approach should be well 
known and followed when a spill occurs i 

li Confinement . . , 

Prevent spread of dontamination byi \ , ' 

a# closing doors and windows ^ — 

■ ■ - ■ . m - 

b. turning off fans^ air conditidners * and other ventilation, if 
possible . 

c. closing ventilation ducts, if possible 

.d, vacating room leaving shoes and other garments at door 

' ' . ■ '^ ■ ' ■ 

e. locking doors and, if airborne material is involved, sealing ; 
^ edges with tape . ' , ' ' ' 

Once the spill is thus confined, cleanup can begone later according to 
a well-^cons true ted' plan,'=. 

2, Decontkminatipn" 

Work out a specific plan considering the physical facilities and the 
properties of the material spilled , Such . a plan should Include: 

a, monitoring spill area to determine the extent of contamination 
and ch#> hazard ■ . 
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making sure decontamination personnel have sufficient protective 
clo^thlng 

proceeding with decontamination by scrubbing surfaces with a 
datergent solution always working toward the center of the 
contaminated area, taking care not to spread the contamination 
to less active areas* Monitor frequently and thoroughly 
during the decontamination procedure , Monitor all personnel 
and materials before petmltting their movement to clean areas. 



IV. WASTE DISPOSAL 



The radioactive waste material generated In nuclea^r medicine labpratorles 
generally has low l^yel radioactivity. By "low level" is meaAt that the 
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wastes are of such low specif ic actiyity or of such low concentration . 
tkat they may be disposed of directly by release ^to the. air /water 5 or 
ground./ . ^ . /: ' 

Disposal of liquid wastes ihto the sanitary sewerage system is permis^" 
sible as long as Che CbncSntration of radioactivity ^ is less 'thkn that 
which is cons^idered^ safe for an adult to drink, Allowarite may be made 
for other .sewage discharged in Che same building which will serve to 
dilute the radioactive waste. Oftenj solutions which are of too great 
a concentration to release at first can be diluted and released. If the 
half-^life is shore, they can also be allowed to decay until the concen-- 
tration is below the acceptable level,/ JThe latter method requires a 
shielded storage space. ^ . » ^ 

Most solid wastea from nuclear medicine laboratories can be Incinerated ^ 
with other^^refuae after an appropriate decay period. Some long-lived 
waste materials' may need to be packaged and transported to designated ' 
burial sites for land burial. Some cities have commercial services for 
the collection of low^level wastes*. 

V. SUMMARY . ^ . . ^ ■ > ^ ^ ' ' / ^ f 

The factors of time , distance, And shielding are used to re,duce radia- 
tion exposures from e^iternal sources to acceptable levels. The control 
of contamination J use of proper equipment .atid protective devices , and = 
good housekeeping practices will prevent excessive personnel exposure 
from internal sources. " ^ 
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RADiOACMVE Tfe,C|RS AND PHARMACEUTICALS .. • ^ " 
I. TRACER METHODOLOGY ' ' , . = \^ 

The use of radioisoCopes' as "tracer" has greatly fadilicated the 
-study of the anatomy arid physiology -of the humart body. Tracers,' in 
general, are mati^rials used .to label spe^cif ic^ mdj-ecules , organisms, 
etc., thereby permitting the labeled efitity to be followed in its 
physica,! movemant or^ in the' action of its. metabolism, - Radloactlva. 
tracers are used to study the kinetics of excharige , miKing , transport ^ ^- 
Curnover and, removal of the labeled material., they ar© used to determine 

_^och ^qualitatively and qiiantitatively the i_n_ylvo distribution of the 
labeled" material using ■methods dascribed In previous chapters. Radio-/ 
active tracers are also useci to determine and quant itate the i^n vivo 
distribution of a stable isotope of the same element such as, the usa 
bf sodium-22 to measure exchangaable sodium. The basis, for the latt^r^ 
application lies in-tfe. fact that, in general, the chemical properties 

.of an atom depend upon /the number and configuration- of the orbital; 

.electrons and not on the enargy states of . the nucleus , Hence^ a radio- 
active atom has= the same chemical propartles ■ as the stable atoms of 
the same element. ^The radioactiue isotope emits radiations which may 
be detected in vivo or in vitro making it useful as a tracer to study ^ 
the behavibr of\that element or pther materials onto which the radio- 
isotope may be -'tagged/' 

Compounds labeled with radioactive tracers used in* dlagnbstlc medicine 
are referred to as radiopharmaneuticals . 

Ii; PROPERTIES OF RADTO;sOJOPIC TRACERS ■ ^ ^ 

A. Physical Properties ^ ■ ^ ' ' ' , 

iV Half -life . ' " ^ ' 

- in gr<ier for a radioisotope to be useful, in a particular study, its 
ffective half-life in the organ o^r^ system of interest muse be long 
"enough to ^^llow the desired infiormation to -be collected. For eKampla, " - 
in the Schilling Test for. vitamin B12 absorption, a tracer dose p€ , 
vitatnln Bi_2 labeled with a radioisotope of "cobalt Is^gfven'the patient^ 
and the urine, is coilec&ed for 24 hours, TKe radioisotope dn the urine ' 
is then cou^ted t^ determine how^ much of 'the tracer dose was absorbed 
by the patient p One would not choose ^^-Go' for this application^ betause 
it has a 1,65-liour half-^lifa and would not be detectable after Tk hour& 
unless/i yer^y high activity were administered* /The isotope, of choice 
Lb S'^Co wh^ch^ has £^ half-Mfe of 267 d^ys, ' ;^ 

"''On/the ottei-^^ndj ideally, ^one woiiiid 'not use as a tracer a radioisotope 
^wi th ■ an; f xca|.rively long half^life relative to the time required to com- 
ple.te a stu4y / For this mfeans that , ^unless the material is excreted v 
rabidly , . tffC patient will be* receiving raHdation exposure for soipa tdi^e- ■ - 



i6A Radioactive Trace^^and PH^^ x - ^ ■ " ^ 

: after the useful information Is obt^nel/^Also, the longer the half =life, 
, in general, the less the amount of 't'K^rad^oisotop can be given 

the .patient from patient dose conslderMtions ,^ This is particularlx^ 
. ' iinportant in^scanning applicationi.''4;for:e one df the factors limiting 
, resolution is the rate of photon emi»asit>n from the. patient, IdeallyV 
then, one Oaes a radioisotope wit^ ^ half-lif that results in a high ' 
count rate at the time the infoBmatfiqn^ is . being recorded, ahd one .that 
does not remain in the body for /in excessively^ long time afterwards. For 
■ most scanning applications , wiyi" pfeseht equipment , the optimal half^life^ 
is of the order of a few hours, ■ ^ ' ^ . 

2,^ Type'^and energy of effaissions. , , ; ' , , . . . = 

'Tracers used for in vlyo studie|-ji^st 'emit either gamma ^ytons- or k rays . 
,of ^suMicient energy to be detectable outside the body, ^en the most 
, energeWe.^eta particies contrlbut^. nothipg to the. diagnostic information 
^ dfetalned^ in^^ri in M^vo counting #||llcation. They do, however recontribute 
^Jz-^^slgAif icantLy''to^^ th^ patient, Herfce, the ideal 

tracer for . in^ ^.i<^-fi cjDuntin^ applic^^ons is one that emits a low to - 
^ medium en^eriy gamma ray wl^CTKnp-pm^kculate' radiation , The energy of the 
gairana ray is important in 'scanr>ing ^d other applications w'here colli- 
rmation -isrrequired. .Gamma %ith energies grtat^r than 500 keV are 

^:^ dlfficuat to collimate for localization purples s '*^^ photon energies 

: below, 50 keV are^ ab^|Drbed to V high degree by"^^^ tissue Technetium- 
,99m, which em^^^^40 keV -g^^mmm ^ ^ay with no particulate radiation and 
: decays with a halPlife of^ six 'hours , has the most desirable physical . 
Characteristics for in vivo applicationsi^f all the radioactive tracers 
yet^ developed. .-^fj ^ 

B. Chemical Properties ' ^ * 

1. . Purity. . ^ ' ^ ■ ^ 

Any impurities in a Mdiopharmaceutical must be Identified and quantitated. 
Impurities may be o.ther Radionuclides such as radioactive daughter products 
or radionuclides produeed^ as a result of nuclear reactions occurfing 
X within the material. If these radioactive impurities possess no chemical 

tonicity, they, are hot oj^ consequence unless the t^ype and energy of the 
/ radiation they emit interferes with^ the accurate measurement of the ^ 
^ radiation ffom the primary radionuclide ^ or if their emissions result 
\ in an eKcessive radiation dose to the patients If radidnuclidic 

i'mpuritles are present In bathersome^^ quantities , stteps must be taken to ^ ^ 
."remove them before^ the, radiopharmaceutical can be used clinically, ' 

If the impurities short tialf-ljves compared to the primary radio^ ^ 

■'nuclide, a sufflGi|nt; storage interval before, use will solve the problem, 
(f the half'-llfe Qjf ^^>h-e impurity,, is, longer than .that of the primary ' 
. radionuGllde, the problem is Compounded because the. percentage^ of the 
iinFfurlcy incr^as|p wlch time/ In this\case, chemical separations may 
have to be perfo^me.d to remove the impurlty^>^ V- * '\ 

Nonradioactive ^impurities 'must also be delineated and the chemical ^toxicity 



^yadioacttve Tracers attd pharmaeeuticals- 



165' 



the^^cdmpourid^ and' its; meeaboJLiMa^mutft ' Thes^ epn^lderatjioris^^ 

tfioWeverj:,4re:W padtopha|maceuticals arid, will nop ^be di^us^^a'' 



.Bi©lQgickl4dca . : ; ' = ' ■ ' ^ ;» 

; Of / pr tiiie cohsltfera tidiri irt the 'deyelopment ; o£ radiopharmaceutical^ pot. use' 
in in viivQ applidiLtlQna^ is :^thMblo^lQgicai ■Ipcall^atioa^^ the material In. 
th^^dy^ ^his-4s especTiariir^^^^ Consideta- 
tlons jof blolbg^l' loWali^atiori^are .particularly well :pres^ted irf a : 
paper 'by McAfee^d Subramaniatj*^ ^ The student, is urged t'o r;^ad this ; ref- 
erence^ in/ Ifrs^M ,Ho0ey0t, for those who may' not :be^^ble to obtain 
ttte 

The authora distiiisi Ithe biolosiQai .behivigfc; of the elements according to. 
the^i 



ice^' in; Ifrs -entiret}^, .Howeyet, £or ttlose wno may noc oe ;apig co odi 
paper. j^^ejlec^ the follpwirig material, 

authors /d^stiuss Uhe bio^ ^ehivigfc; of the Elements according 

^r pQsifldons ah" tKe Per iodic Table, ; = : V" : - S.; i 



^ Group I, 



.The ^monov^leat- alkali "metal cations (L-^ iNa,- K> ^pd Ce) are ' fre 

. Ionised and ii not; form stable tfornpounds in aqU^e solution. ^They; a 
readily ■^absorbed frpm the gastrointestinal tractVand excreted in rtie 
Wine/ foilovyiing: inj;^ init ially distribute ; almost unl- 

fbpmfy 4h-the sof t^ ^Wifchiii S few hours, the blpbd - j 

; lay^l iFalla, with dgpos it loti chief 1^,^ and . lar^ prgans such as ; 

the ii vrt 4Ad kidney5V ^ At 4;daysj jfram^lOrto'50% of the i^^^ted: radip- 
^actlvity.ijt: cdhtalhe^ in; skeletal m^ Sod,lura is elimihated twi^e 
as fast^^si^he -dt and: t^p^a Ib^ a specific i:n- 
t*race llular 
^ increases pr e 
the half -Ctir 
143, days, ■ ' 
per tods (Rb 



The 



coinage 
Au', 



localisation of ^ potassium, / The rettfntibn. half f tijpe in man. v 
g^ess ively .with the atomic ^nijmber in thiS; ^er lesn For Na ; 
e is:41 tx5 14 days, whereas for^M it is^as l^g. as 110 to 

sttiall Wkctioh is retained * by the fHeleton ' f or : prplonged / ; 
14%; 'Na 6%)% ^ - t * ' ^ / »/ \'' :^ i'^"^ " ■ 

metals'' of 'GMup IB of ihe Periodic Tatil^^ including^ CuJ ^ ^ 
laye a completely dif fet^int biological B^h^vior than ' thr . 
0t6up lA alkkline metals ^ GJ^cous ions coneentratej^ the liver and : 

a lesser exterit : in the kidney ahd spleen; A smaia .amount as con- \. 
centrated\ lnfbona, Excretion ^ latgeiy :thr the ikd^tieys. Silver 

ipns read ily 'combirte wi th piam^ f pi towing- Inj ge tlon s * are^ 

\ rapidly ^rerTiiOved' by : theaiyferv. and are excreted tteough the bile into 
*^ tbe Jecis. ^sSmlts^ of Au are relatively , insoluble and therefore r^adlly^ 
Vfprin t^l^^B mjr%^ .particles IpcaliEe within the reti;. 

' cafedo&lial^organs ^f .the: body Oliver ,^^pleen,^ bone m^ 

are retained indef itvifcely:'^ ^e. nuclides ^ Au an^ ; Au; in colloidal 
form have 'been used far-visualization of the livers in man, .The posi- 
Cron emitter ^*Cu chelated with EDTA (ethylenadipinet^traacetat has 
'-been ernployfd if pr positron .scannitig 6f^ human brain tumors. ' , 
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. G^oup- iJ . V '.-^ ^^z'-' '^'--^ ■ ' : ■■ 

Group IIA alkaline earth divalent/ cacions (Be, >lg,^ CaV Sr , Ba, and- Ra)! = 
/ concentrate . in the nitaeral- phase o£ bone and are retained in the skele-- 
,tpn for long periods,. They are absorbed ffcom.the gastroinCeitinal tract 
When adonis tfeced orally ; Ca jnore readily than the others of the grpup;^ 
The /lig^^est^member, Be, concentrates also In the liver and-kidney ind' I 
thereby tends to resemble the elements ol Grou^ IlB. In man, the dis^ 
tributldn^of ,Sr andMCa is similar during the first few. days ^ after intra- 
svenow injection,; From 30^ to 40% of the .injected radioactivity -is local- 
ized in the.:Bkelet:oti. ' Thereafteri prefetf^ntlil excretion of Sr >over Ca^ 
. takes /place, through the kidneys, ^ After 60 days, 60% of the Ck i§ re- 
, tained in tha sk&leton and only 25% of Sr retained, Some ^excretion of 
Ca;pcqurs in the feces. After the :first few days , almost* all ofr the're- ^ 
'tained radioactiMty of these elements Is : contained^ in the akeleton - A ' 
stnall fraction^^s retained in the walL of the aorta. At a microscopic ^ 

Becaus^e of the prolonged Te tent ion of thfese ^ ^lementsi in the ikeletori, 
only nuclides with ,a short physical, half-lif may; be .used, in ma^v None 
bf. the rwclides o^ calcium are suitable for imagirig parposes. . The. nu- 7 
clijles "Sr and ^"^Sr have been us^ for IpdaliEation of .skelS'taL abnor- ^ 
maiities ^ in man. . / . . . - \ 

The Group IIB;volatil-e :nontransition metals (Zn^ Cd, and Hg) are divalent 
cations whose inner, otbitals are . completely . occupied ^ith paired :elpetrong. 
.^hamlcally and biologicallyy they behave in a cQmpletfely :diff^erit fashion' 
than tiie aikaiine^ earth metals , and concentrate in tWe liver or kidney ^ 
rather -than in Che . skeleton. They are readily absorbed' from 'the gastrb-: 
Lnteftinal tract when administer^ orally Following injictlon,-gn at-" - 
hiiM -it^ highest coricentrat ipn in the liver (30 to .40% *of the.- adminlst^ 
erecf clc^se):: \. There is alao cof^entratiorL: in the prbstate^^with r:fetentlon ^ 
for apng^perlod^\ A smalT f tact iqq 'is retained in^ the skeleton and skin, 
.Zinc/is eKcreted predominantly ' in the .fecesV Tn man, - ttie^ retentifc^n of Zn ^ 
is greater than in experimental animais-, and the effective half-time' 

:.f ov ' Zn :iB greater than 100 daysV The metabolic turnoVer rate of Zrt is^ 
highly depar^^nt oh tt]e' amoun| : of carr ier^ present/ CadmiuTn a.nd . Hg pro- - 
gressiveiy ^plimulate in the kidneys, 'increasing in-concentration for 
s^eH^etal day^C tct a.: maxlinum of 25% of tire administered dose in rats) , ; 
These iohs arf tightly %mind /to; p circulatioh^ ancj 

on -accumuiat Ion rn/the ^ renal tubuiar ceUs o^ cortex they prpb- 

ably^beoome bound- to. suifhydryl?\groups of specif Ic prQtelns, Both mefcals ' 
Concentrate^ CO aaefeser'ee^tent: in ehe 4 iyerL, .atid^ Cd accumulates aisp in 
the. prostate, seminal vfesiclesj and vas^ deferens .thereby ^esembiirig.Zn. : ' 
A small fraction ;Df^ these metals, is;expreted initially In^'^the urine; The 
ma jcv^ f rac t Ipn of ; fehe .ra adfninis tered is^retalnad for long- 

pur idds^^ ^nd ^^cretedv#low only rWiotfucliderf of ^ ^ 

frhis groy-p .wh^iGh h^ve ^been' used for diagnos tic stud ies are ^^^Hg and 
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*■ - I"' Tl). =ro"P IIIA cr:a„slti„„ metals (Sc' -V aL Iftf ■^ ' 
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. ana cnad o£ tha skeleton app^bxlTriaHelv 2 5 v^^t^^ ^^^u ^ w - 

■ ■ ^^^^ 

■ Indiam V F ? " insoluble at the pH of plasma 

In .and Sri W^hi-h,'. iizacion, the lighter members of Groiip III (Ga, 

me more'ljasic lighcer :ianthanon^ to Gd) with larger ionit radi'l ' ' 

^J^^^MT:'^^ ';'''''^'' to 50%) and skef^Jon 25 " 40%) ' ■ 
and are excreted ^fJedomirvantly to the feces. . in contrast' -the more 
ac,a.c and . heavier lanthanons (Tb to Lu) wltft smaller ^atomic radU are ■ ' 
r •'^--My ^« .^o-.«0 to 60%) :and.o.ly srighti; In t^^ u: " ^ 

h excraeed predominantly In the urine. The ictinidp, ' 

-exhibit similar -behavior. Uranium Tl-^n atypical membKnfJh, 
Uranyl iorts CU^-), being- dlvilent^lnd ■ fr^s Lb f and H^'^^. 
and co^centrate^in the r^nal corfe.^;^^^^^ 

: ■ ■ ■^■'•^■■^V: ^v '-'i?//: 
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. short- UveJ- rare earth. ridionUcUdea-J^gw .some. prpmMe :;^s.;radloa^tive._ ; • 
... colloids or bone local izers.^ '.'..^ , ' ; : • ■■ '>"■■■.■■_''/'■■ •• ; :' • ■. ■ 

Croup IV ., VC' .' ■ \- . ■ ' . ■' .. ''■*■' ; ■' ■ ■' ' 

- Periodic Group l\re inaluc^s^.e^ 

■ Ti ^ Er and HI. Tha blblogttal .fate « :C depends entirely upon tlje.or- , - 

■ gantc Compound inco which it . Is .incotpora.ted . Thr dif pibution of ^S^ , . . , 
Kd Ti has ttot been studied.; Under physiological conditions Qe sk^s ts , . . , ^ . > 
a^a hydra tW anion;: ; it . tends to. .become dl^^^^ . / ; , ; . 
tLted^rapidiy through the kidneys,^ like most aniori^. / Other members of 

■ Groups IVA-and ,IVB:^ocaU.e in borte mineral. For; Sn and Eb . there , ^, 

■ •:r%ld eUmlnation-of m of the: admlnis tared radioac^tivity .n the ur me - - 

■ avid' less t hail 10% £«r -Zr. Fifteen Co thirty per cent of the.dose localt^^s ; 
in tW a:kelewnV.wit*,prolonaed re^^^^^^ 

aolut«Ss ,:ind^:in CollBtaa 
-- r ciifltration-in the skeleton.;; N^^ membet.t:.ot;Gr.up^IV .have^ ... 

. heen'iis:ed Jor tnedtcal scanning flpplicati,(>ns. . ; . : ■ ;. / ^ ■ ■ .^^^ 

Group J ' ■ ' ' 

.:-= Group:vB cdhsists4f the nonma^ and As and the tnetal^^ ; . " ^ 

- Bi-. with an oxidation state normally of :+^ Following injection, phos- 

> piat^ h.s an:initUl^hlgh.conce«r^tl^n. in ^^ . ' 

eventually abouf 90% of the res idual activity is contained in the sk^le .. , . . 

. ton Wke C the Ibcalizatlon of ;n depends :on the chemical. nature ^f . . . 

■ the'compound: . For .AsV both loca^ toxicity, vary, greatly . de-^ , _ ^ 
oeLlng on -the. v4lenc; ata-^ The mosc common and^ sWblp pentavalent : ^ . 

■ 'fori (IrtLate) b^com cdncenctatid In .the liver . and s^t retained _ _ 

. : in "issues buV rapidly excreted in tU arlneV It Is^^^latA/vely non c^ic , . . 

^ and^does^ riot Inhibit mos C enzymes . - On, the other .hand , , ttie^trival fen t / . . . . , ^ 

■ ■form^(ayrfite);t6 hlgh^^ t-o^ tod i|bines with the sulfhydryl gr^^^^^^ 

. o? enSe^^ :i: Ms ekireted chiefly ;Mthe. bile and ^feces . and ^pproKl= ^ .; ; ., - - . ; 
■ °L"y 501^ is-retalned in the body for,lang periods. :ln rats. a.rsenate . ■ 

. v^^comes . tightly bound " c irculatlng .erythrocytes and^theref^^^^^^ , : : 

largely; in the bloodstream.' This •binding is not observed in man.. Anti . ... .... 

■ .4cnate^Uke- arsenate,, is rapidly eliminated the kidnej. .-^^Bismu . . ... 

d^fferk from other memhers;'of the group . . It :US.^iaUy exists, as ^ triya- ^^.^ . ^ ,. 

l.nt oxygenated- form in the btoodstream, bound to plasma proteins It,.. ^- . 

resLKes^the vaiatile dlyalenc ;netals, Cd and Hg and uranyl ions in con^ 

■ ■ ■ ^^!mL t^a hiah degf^ in. the re^^ However , its; retention .. - 

- l^^'S tL ■kldnayf is shorter-tt^^ the divalent m.tals, and. it^.^ . . . , 

. time 111 Lilt 1 / , . _ soleen lung, - and skeleton . •. . •. 

^-nnrpntrates to a lesser extent m the .iiver, spieeu, 6i. _ _ . , , ■ ; 

concencraces to «1^. ; _ , 3oa_. uai/p been- used for brain tumor 

Arsenic-74i a positron emictar, and Br. have,.Deen ubeu i,p-^ , , , : , 

. locallzatl,on'in,.man, _ ' ^ ,'-.;;•'' , '".v ;:;>■.■', .. ; 

■ Tn TrouD VA >*nd Nh become bbuk to ^ plasma.protetns^; apd ^;pers^ . 
'bLls«eam: -^i^r4 days, from'40 to^eO^ ■ 

. ^ii ekcreted In the urine and feces . and .10 ^to 15%. is retained; in the . ^ , ; ., 

^ : : skatet^n for. long.^eriods.l T,ntalumV being relat ively,l^r t : , 

■ .uble ."becomes cplloidal after i?ij ectlon ^^;and concentrates j in;, the liver . . v . , . _ 
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as wtll as' tiie skeleton, with prolonged retention. . ' ' . . 
. Gro'ujf VI :' / . ■ ■ . ." ■■ ' . ' ■ " ■ 

' Group YIB Inclukes the 'elementa 0,.S, Sc , . Te. and Po." ' Sulfur-35 in'the ' 
. form of sulfate becomes rapidly and uniformly. distributed throughout ''-^ ^ 
^. . . the intravascular and • extravascular tissue fluid, and has been used in 
. • man for measuremint of the total. extracellular fluid volume A small- 
fraction specifically .concentrates in the mucopolysaccharides of con- 
nective tissue and cartilage . and attains its highest concentration in ' 
■ the marrow The turnover. of Sulfate is appar|ntly rapid inmost cissues. 

■ The discributlon of. selen^te and tallurate Is'slmllar but'not Idantfieal 
, to sulfate in experimental animals. In man. however. :the -plisma clear- 
^ , .jnce of;, . Sp. selenate is mdre rapid, than that of sulfate^ and after 1' ' 

-hour, incorporacion into plasma proteins is demonstrated. In does aeleJ 
, ■ nate has a biological half-life of about? daya. Selenlum-7r selenite ' 

a hrgher concentration. In the kidneys and liver. .and a longer b io- 
:: .logical ■half-llfe/{^ days); after, .the first 3 days;' For both aelenat^' 
and selenite,: ahout ^: is excreted in the urine itf the first 3 or ^ ■ ' ' 
, days. ^.Polonium tends \d form colLoids, but. nevertheless can be absorbed 
- chrougK the gastrointestinal tract j Its highest concentratlona are 'in ' ' 
;. the. kidneys and spleen. . ,, ...... / 

. ^ Gpp VIA Incltides tfie transition -rtetal^ W. . ^he distributioh 

-vof chromLum depends on the valence state. .In the hexAvalent form (chro- 
, . ma te>.rt becomes :f irmly bound" to red blood cells, .to a high- degree in vi- ■ 

,,, • tro and to a lesser degree in. vivo . ; Such a small f raction of the ehro- " 
. . mate,. becomes eluted from red cells that this phenomenon Is a widely em- ^ 

: ployed labeling method fpr red blood eel Is . Most of the radioactivity 
: . , persists .within the cells until they are destroyed, chiefly in the spleen 
■ The fraction of ..^ehromate remaining unbound to red cells, and' the chromate ■ 
. released by the destruction of red cells, is' promptly ■converted to the ' • 
. trivalent-chr.omlc fdrm.. . Chromic: Ions readily form complexes and tend to 
become colloidal except in' strongly acidic media. They , become" bound to 
plasma proteins, but .60 to 90% of the injected radlokctivity is'rapidly.- 
: . ; cleared, f-rom the . plasma -and eAreted in the urine. The highesf Initial 
, concentrations, are in the vascular organs (kidneys, lungs, heart, liver 
pancreas,, and sple,en) , but these decrease rapidly. A small fraction is' ' 
retained m the bone marrow ahd.other ireticuloendothelial cells ior long' 
. jjerlods. Although the Initial accumulation in the testis is low, there 
is progressive accumulation for, several days.. There is some accumulation 
m the .gTowmg, skeleton, but very little in the adult skeleton. When 
administered .orally,- in the trlvalent state, iless than 1% is absorbed 
from the gas troincestitral- tract. There is slight absorption of molyb- ■ ' ■ 
.date and' tungstafie from the gastrointestinal tract.. After injection, 
. . ■ they are rapidly excreted by' the kidneys. They concentrate slightly' in • ' 
• bone, withput prolonged retention, following the typical pattern for an- ■ 
ions. Red bloody cells labeled with hexavalent ^- Cr and pro te ins labeled 
•■; ■ with triv^lene^.i Cr' have been employed in imaging applications in man. 
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■/'^ /Group VII /^' ' 'u-M " " ■ ' • • : .. ' ' 

' ■:^'|P:Halogens^^ or' Grbup' vHb* (F, 'Cl^ 'and^ At) , have important dlf- : ^ 

-o / ierenc^s in biDlogical behavidr-and 'tissue localisation. As a ^ rult i- ■ ^ ■ 
li ehoy are readily ar&sorbed f rom the gastrointestinal tract and are usually; 
^= ' not retained for prolonged per iods in .^of t tissues b are promptly ex^ * = 
^V-rc^pad^by the Sidneys with llttle or no -fecal: :ekcretionV Fluprin 
V*: uniqufe and iraptd locallza the . skel4ton , up ■ to 50 to 60% of the ^ 

" i^ a highly selective trapping of io- 

■r 'dide in the thyroid glahd^ to :a level of /15 fcdUOX of adininistered radio- . \ 
.activity at 24 hpuri- The fraction, of iodide- trapped in the thyroid \ 
^land becomes itl corpora ted intp the' thyroid ^hormbn^s and has a relatively ^ 
' long hiolosical! half- life, of^ 60 to 138-days. Astatine also cdncentrates : 
. " to- some degree, and Br to a minimal degree in the = thyroid gland ^ \ 
halogens aJe secreted by the gastric mucosa^ and this tendency Increases \ 
^ . wi^h the a tpmiaCnumber in\thif ser ies ^of elements /^ They , are readily and . 
^^'^^'completely^^ acbunO Wteyand 'are-eK-^^ 

cretad .by the salivary glands and mucosal glands ' of the carviK. _ 

■The^oup VlIA eUments (^^^^ are transitional metals.; Manga- 

. . ' nese Is an essential eJiffl$^t .o3f, the body / and is' totally unlike the othfer 

: two members of the group, When injected iri; the : +2 "oxld^t 
- ■ rapidly aecumuiatea /in th^^^^ (25%; of administered radioactivity) ig . 

" excretW through the biliary -tract-into gastrointes tinal tract , a^id; 
" : ts'nqt\reahsorbed5 but rather ixcreted ia^the\ fecks . Inl^ddit ion ^ It ^^^^^ 
; accdmuUtes ^ in the pancreas and kianey-^ that is , In the organs rich\ 

raitochoniiriaV Lesser amounts also ac^muiate in the spleen^ skeleton, 
: ■ thyroid. .Ekin, small bowel / and muscle/ ^TechnetiMm and Re are most ' 
^ stable in- heptavalent anio They, like several 

other . compleK anions such as' thiocyanate or perchlorate,^ behave .as 
' ^pseudoThalogens'' and mimic the locallEation of iodidei They are read-.; ^ 
■■ ■ ily absorbed from the gas"trointestinal ttact and 'are .concentrated, trans- . 
: /■ iently^.buc not organifiW, i^^ the: tfiyro id gland The^^ : y\ 

also by the salivary and gastric glands arid readily eUmlnated by the 
kidneys.; Unlike iodide and other halogens, however / they ara only ^par- 
' tially absorbed ftom the •gastrointestinal tract, and up to 50% of an ad- 
^ ministered dose may. be : eKcreted In the aces . The s^ort-l ived radipn \ 
cltdf ^^Tc has been of great interest ' Iri recent years as an agent for ■/ 
/Imaging app I ica t tons ... . ■■ ■ ' " 

■ ' Group VIIT ' , ;? : ...^ - , . . ^ " ; ,„ ■ .; , , ( 

• • The: D-latirtum "metals in&luae Fe, Co, :N^, Ru,; Rh, Pd, Ir-^ p. and Bt."^ , ■ 
' ■ Because of its ..unique role in,re4 eel 1 metaboUsm, Fe exhibits a com- _ 

■ • ■. pleteVlndividuality ;ift b to lei|ica I .behavior . : -.It h^^ i ^pectf ic. mechanism^ . 
"' . • of gelec'ti-va .»bsorptioa'.frora ' the gastrointestinal tract, . and is transported 
'V ■ in the blpxjclstream- in the beta^l 'fractidrL of: plasma globulirt 

It is cleared' rapidly Irom ' the >^ and iocal'izes _chief ly j^n the- , . 

wv-;' bptw: ma«ow aridto a lesser/ extent itj '.the spleen, and liver. After .sevri'^ ^ 
• V ' ■ iiral ^d^^y■sV i t re-^entera' Vtha* cirouiitr incorp.&rated' in the circulating ;' > 
■' ' rail:' blood 'cells.' Oh destruction, of ' the red cells in ^the .spl"ee it re- , 
^ - turnR'-'to tlhL ^oite..mirrow:,: to-center the CBd cell metabolic cycle again. 
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HZ- 1 ' Radl bad E ive Trfic ef s and Pharmaceu t tea 1 s ' 



METHODS ■t>F PR&lXCT ION OF/ 
^ A? ;~ Nuclear Reacts ■ ■ ^ rl?'?'"^?^ 



1. ■ P-ission prodbcts,''. n.--- ' .. ■ ' ■ 

' jhe fission process (Chapter IV) Results in the fbrmation o£.,raany radlo-^^ ; ■, , 

nuclides, both dicectly and froip .^the decay of .parent nuclides -^gra^ ; ■ -.^^ 

act l\^e/dauihter product . ; These. arfe .cflU some _ 

have found appl-ication in nuclear, medicine. ; TKe useful, fission: products . ^ 
must 'be, separated chemically from the . other' radionuclides in spent re- ' • . , 

actor fuel elements ^ Samples of 'f 

tracew:in medicine;are I,: I. ^ ^^Xe , ^-^^ Kr , and^' Kr . All, flspion : ■ 
■producta deiay' by beta einlssion,, , , ■■: 

'. 2., \^Neu^tron act^^ , , ,_■ ^ '.J ' ^ ■ L _ _ 1 ' ' 

The prtticiple .of .neutron-activ^^^ is discussed in Chapter IV... -.A . . ■ ■- 

stable nuclide is activafid to a.: raaioactive .isotope of the same .element . ■ . ■ 

by means of the (n',V) teflon initiated 'wjith thermal neutrons from a ; . 
' nuclear- reap tdt;. Many oPthe: radionuclides, used in n^ • ' j 

be produced directly by neutron aetlvatioriv namely , : Fe ,^ Au, .Hg, 
-^^''Cs . :^®*j/^'^Mo. ^Sotteiothers are dmu^ ^ 

which 'are' produced in this manner, e.g. ,^-";Tc is the daughter or Mo , .. 

which Is produced by neutron activation. These parent-daughter relation- ■ . ^ 

^ ships h^ve led to the prodWtion of radionuclirde "generators" which are, ^: 

discussed later in this chapter. . . , : 

.In order to produ'ce radionuoLides by neutron activatibn , . a suitable tar- , , 
get mu'st be prepared and placed in .the, neutron beam. The irra 

target is processed either by dissolution o.r by: more complicated separa-. ' ■ ; 
ttons . such as loh ; ekchanie , precipitatlpn and dlstiUation to .remove, im- ; . ; • k - ^ 
: purities or to concentrate the product nuclade. Radionuclides, produced . , 
by neutron activation-' are /generally beta emitters , . .; - 

■ Bi. Cyclotrons ■ ' ■ ' ■ , ■■ ■ . .\ ,- • - ■; 

The cyclbtrbn is a device f hat^'acceleratesi positi,^)«l^^^^ ' : • 

to very high' energies by means/ of an alternatini vbltage applied across 
a'gap between two . large elfectr/omagnets . The partiil.es are made to move 
tn*a- circular pith by applying ff magnetic flald perpend wular . to tfteir 
direction of motion.. The hl-gh ihergy particles, (protons or alpjia parti-.. 
. cle^> are made to strike*a target material, thereby causing various types • r , , 
•of nuclear react ions to ^ccur.. Many of the product nuclei are radioactive. . ■ : _ 
ancStove found application in nuclear medicine. Since radionuclides _pro-^ 
,ducS- by cyclotirons, generally have an excess oi positive charge in their 
•nuclei, they are likely -to decay by either ppsitron emission or electron ^ 
.capture Decay fey . electron capture results^ in .tow energy x-ray Arnission 
pliis in some cfseft,. an accompanying gamma phaton.'. Hence, many .tyc^o- ^ . ' 
tron produced materials exhibit desirable properties for ^i^^ ■ . • ; |. 

. cations ■ l. e; , jf- of .-gamma-ray emission with no particulate radia^t ion, ,, . ; ; 

thus /enabling higher amounts to be. adminls tered with ^ess pat lent . dose . ^ . , 
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Some radibnuc I ides used 1 .that can.be' produced in - \- 

cyclotrona are ^ 1, ®® Ga, ^^t*' It: is noteworthy that ime W 

. n^Qlides cah bfi produced by more, than dcie ^bf the mathods/dascrlbed, - ' 

,^^C». BAdi^br^ ^. ; :' : V' ^ ' ^ ; V= ' 

/The need, for : high pho tort i radiation vdosage to 

the-pat:ient makea sfort half-life_radionuclides par tiGtilariy attractive 
■for in vivo studies, Howeyer, to use' these effectivaly, one muit Be 

- Mar A .apurce pf. production of the nuclide. This has led to- the pr,o- 
ductionof ao-ffaiied .radionuclide generators qf 
a column on. whieh Is adsorbed a long- lived ^parent material, which decays, 
to a shorter-lived daughter product,^ The parent material Is produced^ 
in \elther a J^iucie^r reaWo or a cyclotron. The daughter- product acti- 
vity '^grows- In'* at a rate dependent- qn its half>-ll£e until it ^ 
reaches equilibrium w-ith the^^pare (gee Chapter 111^) ihe 

' daughter r^cTK¥^a^ separa't ea'^B>r cheiHca r parerit Is 

left to generate hew daughter activity. ;The ampunt-of dkughter activity 

-that'can be sepairated at any time after a preyfSus separation can be ■ 
predicted from the series decay relationships given in Chaptat III, 

r ^ ■ ^ ^" . ■ 

Qj^^ators have been^ developed for producing ^^^l^ ^"^Tc, ^®Ga^ ^'^^ 
and other >uc lid as in the .laboratory. Typically these consist of a glass 
CGfiuma cc>4tainlnf aluminum oKide on- which :the parent material is firmly 
^^sorlbed..: The ^umina' ls- retained in the tube by a porous glass disk. 
The da^phter activity Is *e luted from the generator by pouring saline or ^ 
some other reagent through the colunm and aollectlng the eluata in a ■ / 
suitable container^ The entire generatoii may .be. shielded. v \ ^ 

To date, eight generator systems have. been developed to the point' of 
commercial avall:|bility . and many others look promising for the future. 
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CLINICAL DMGNOSTIG. STUDIES PBRFORffiD 
AT TH^- RADIOISOTOPE LABORATORY, 
V. CINCINNATI, GENERAL HDSPltAL 



■ ■j. ^ ' ^RADIOACTI^ IODINE THYROID UPTAKE STUaY ' 
I. INTRODUCTION - ' ■ . " . ^ - ^ 

The thyroid up.takg hfl|^ to^determifie the^ thyroid gland abilicy .to 
,t4ke up', inorganic iodine and recatn. it. . ■ ; ^ .^^ 

■p,,j_ispigps^^^ 

lDdine-131 (io iodine-123\ (sodium iodide) are the two . ^ 

''ionuclidas used ^ in ^ this ^ins ctmt ion for thyroid uptake. Both iso- : 
-tbpes^are administeredvas aa orai^ tasteless-iiquid an^ metabolieally 
^duplj;cate the pattern of narmally occurring stable iod^j.;(iodl 
If an uptake is requag ted as ^a single procedure, Mn activiey of 10 
microsurijes .<ipdine-131i^^^^ In small children and 

, iftfaats s; d>l . microcuries ift. utilized and the procedure is performed .^in 
■ the whole body counter;. Other diagnosttic prodeiure^su^h :as thyroid 
scanning, protein-bound; iodine conversion' ratio and^'locali^ation of 
th/roid metastases may require .activities of f rdm ^SO^microcur ies to ^' ; 
.several millicyriep lodine-123 (apdium iodide) in aqtlvittes' of 10 to ' ^ 
500 microcuries is a very tuitable agents for diagnostS.c- thyroid studies, 
for with equivalent activities, the radiation dose Co the .thyroid gland 
from iodine-i23tspdium iodide) is^ less than that for iodine-131 (sodium 
Jlodye) by a factor of ^approKimately 30. Twenty-four hours after the ' 
administration-of/^he .ageiit (iqjihe-Ui or iodirfe-123), the .patlew re- 
turns to the laboratory and measurements of the activity of the^ thyroid 
jland and the thigh are obtained. Th^ thigh counting.. is p^rforme^ so; ■ 
that an indication of ' the .aetivity ^present in tissue . behind the tHyrQi;d 
gland m^y bi obtained, ,In ^ patients who/ Have a low uptake of raiJoiod^e-: 
(less than 15%) due to;''ehemical block, myKedemaj or cardiac faili^, ^^tf 
eKtrachyroidal' radioactive^ iodine, is usually increased. This thigh - 
count activity is subtracted from the . thyroid, gland activity to' db^^xk 
the activity within, the thyroid gland. A standard (an aliquot of tft" 
radioactive Iodine given the ;pa tient) is -procu^red and counted in . exactly 
the same manner as. the thyroid gland 'of- the patient,* 'By' cdmparing. the... 
counting rate -from the .standard to the net counting rate from the-^pa- - 
tient'j thyroid gland, the percentage uptake, of ' the radioaGti\^e i^ine= ' 
by the thyroid is determined by the ^ fol lowing; formulae , ■ 

■V • thyroid uptake (%) ^ ^^^^ ^-P^ thyroid ^t cpm thiah ^^^^ ' : ' 

. net cpm l^Midard 




Since the absolute quahclty. of iodide in- theWra-thryoidal pool is ' 
usually not known,, one cannotf determine .the absolita value of Iodide 
accumulation in mass per unit time. ^- The^fesuat^easures the fraction -of 
the eKCra-thyroidal iodide: pool that i^ being a^umulated par ; unit ' time . 
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T^is procedure is valid since 4^ pveractive tl^ the ; \ 

plasma iodide pGol- Jasfier than a norraaily: ajctive gland i and ark undar-^^ : 
active gland turns Qvar iodide mora .slowlyV ptovlded the body 'a iodide ^ 
stdres are in th^ usual range, ' / \ - ' " . 

Circulating iodide i| ultimately disposed of . 
il.e/, thy r«i uptake and urln^^^ excretion^ in gsnaral, . i^ 

bearl k reclprdcai relatibnshlp: to thyroid functipn* Urinary excritiofi off 

less' than^40 perfcent of the tracer d^^ 24 houra C24^ho^ collection) are^ ' 
.'consistent with the diagnosis of %pBrthyrQ±dism, 1^ excess of ; 

40 percent are usually aSSQclated with normal or decreased thyroid functionv' 

XiI,;^RATION^E"^ * ; ; ■ . / ■ 

The normkl ringe f or this p Jfeedura is 15-45%, . thereby yialding a diir^t \ \ 
appraisal thyroid ^f^ 

^yperthyrpldism^.^^ ; ' ^ 

or Incernal ' use are cpntralndicated.;^ prior to thls^ ptocedure , as thfe thyrpld ^ 
gland ^ecomes saturated with iodine and this \ iodlhe;^chemlcally^'blocks-'^ 
the upcake^ of iha_ radioactive iodine* = - ^ , : ; / 

PROTEIN-BOUND ^IODINE CON^{ERSION^MTlO TEST . 

I . ^ INTRODUCTION — ' . ■ . . - ' ' - 

The Protein-'Bound Iodine Convaraipn Ratio, measures ttte thyroid gland's 
ability to . convart ridipactive Inorganic iodine to protein bound ^ radio-' 
activ6 iodine in the plaama;- i.e. , the inorganic iodins in the thyroid ii 
principally converted to radiothyroxine arid tri-iodothyr'onines part of 
which is secreted into/ the bloodstream wherei^it.^brma a proteii^compleK* 
The amont- of adfnlnistered. radioactive iodine whmh is converted within a 
given i^iperidd of time is a measure of | thyroid fOJctipn; 

II, iSGTOPES ..UTILIZED AND APPROACH TO TECHNIQl 

Iodine*131 (sodium iodide)\ is the agent of choice. If an RAI Uptake 
and FBI Conversion Ratio are; requested, the umal adult activity atdinin-; 
istered is 50 mlcrocuries of Iqdine'-131 (sodidtn iodide) whereas if a 
thyroid scan is also requested , the ptocedure may be performed with 100 
microcuries of sodium iodide. The patient is given the activity, of 
radibiodina and retjurns 24 hoursUater for the/FBI Cdnverslon Ratio* A 
hepariniEed venous blood stople isVcentrifuge^ and activity present; in 
the piasma sample .is determined in a suitable scintillation well counter < 
The activity in this sample represents both the inorganic. radioiodine 
and the protein-bound radioiodine> ^ plasma is then transported 
throu|h an ion exchange reain cplmh by gravity, which removes the>inor= 
ganic radioiodine» paTmittlhg the protein-bound iodine to rel^n : in the 
plasma. This iMple is counted wlj^i the same instriunenta.tio^and th^ 
counis tfre converted into a. percentage of.. protein-^bourid radioactive 
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•III. RATIONALE • ■ - 

The noma! values for this procedure closely approKlmat© tjiose for :the/ ' " 
RAI Uptake. Some thyrotoKic glands are so active that the* 24' hour;^AaAl V ' 
.Uptake has fallen Co within the normal range,-but since a large amod|itvpf 
thyroxine has been released, the qr&nversion ratio is elevateds This 
test ±c often invalidated by congestive heart failure dr renal dyaBunctlon. 

* : ' ^ TSH^ s^uDY ^ ^ ' - ^ ' ^ 

I. ^ INTRODUCTION ^ ^ / . * . ' - ^ ^ ' . .^5 . 



This.s.tudy Is a te^. for assis'tlng in the diagnosis of certain *Chyr old 
states by noting the effect 'upon the radioactive iodine uptakeSbfter ! ' 
^^h©. ^^tiant iias received thyrold^stimula ting, hormone, - - ^ 

■ " ^ ^^'^ . . . : ^, - ^ ■ / ^ V. = ^ ' \ " , • V. 

II. ISOTOPES UTILIZED AND APPROACE TO TECmiQU^E - ^ ^ ^ . 

Ipdlne-131 (sodium, iodide) and lodine-12i (sodium iodide) 'may be used. 
An initial 24-rtour RAI Uptake should be performed. Subsequently, the' * 
patient is glverfrlO. uhits (2,5 mg.) of thyroid stlinulating hormone intra- 
muscularly i#tafr^ay^;for three days. . Injactions of TSH are contra indicated 
in those'.patiants in whom angina pectoris is present , and certain allergic 
maulfes tat ions have been noted on;occaslonv has: been our practice to^ 
have the patient remaiA in -the department for least 30 rtinutes after ' 
the injection of TSH to note any adverse effects. On the. third day/^ithr 
suicable instrumentation^ = a baseline RAI Uptake is performed prior to the^ 
second, tracer dose (this i^s a ^heck for the. residual Vadi^ 
the initial RAI Uptake) , Suitable activity of radlolodine'is then ad- :/ 
ministered to ttie patient and; a second RAll&ptake is obtainfed 24 hours / 
later The difference between the two uptakes indicates/ the response of 
the thyroid 'glknd to TSH, . ^ 

III. RATIONAtE • , ' ;/ ■ " . ". \ 



Primary hypothyroidism may^e distinguished from secondary hypathyroldisi 
by the use of the TSH procedure / Primary hypothyroidism shows no signi- 
ficant eLevation in uptake after TSH (fixample: ^ initial RAI Uptake* .^ 5%,: 
T9H Uptake. ^ 6%). Jy , contrast / secondary ftypothyroidism shows' a marked' 
increase in uptake (example^ initial RAI Uptake « 5%, TSH Uptake ^ 40%), 
.and 4.S considered to be due to anterior pituitary dysfunction* It is a 
test that cannot be perfortned as quickly as the 24-hour RAI Uptake alone, 
but one Which may provide more definitive information as to the presence 
of potentially 'functioning thyroid tissue which h^.been suppressed or 
lacks stimulation from' the pituitary, " ' ' 
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?>^^k .V'■-l;/'-^^^^r > ■ - ; ^" 

^: ^|lI-^"^:2SOtOPE UTXLlZEb AND^-^fiBI|=OACH-TQ TECHNIQUE: / '^ : - 

V;-;^>-'^i^>;,'T.^\^ ■■ ' ... . , ^ = ^r:.' ^ , : ^C^^ ••• - ■ ^ , _ 

*^^:fJjv.;-=v'^V'^ (sodluro* iodide) labeled (t^i^iodptriyr^iiine)^^ us^vln' \ ' 

^ thlS: resln;^ lori excbange^ :pTOpf djirf. and may be obtained ifv klWfdrpi' fr^ 
E'adJophaifmaceuClQal m One d¥- three jnil^^ th^ ^.'^ 

. ; . t /: v'^patie for^this testj so it aEfords. a ^fu^^ek. method 

-'\V'': ^ . V of as^ying thyroid; functidfi givlnj tke' patient' jin^ rMioacf 

■; ' ^^etiaXs. In; the %^ptopriate ^QnCa^ner rasin spoiige ip'^a^^ "to a : 

U^^V m and iodinp^lSl labvel^d T--3i WitK a siMtal^i 

' J/Kt;;'^ Cilla j;LQn velL counter , Che activity present ■ is calculated , ^ -fvff er ^^m. 

■ 7 = ^Ineubatiiqn p^ri^ of one hours the fluid cqritents of ttie coin tra,iner are ^ 
=. / . aspiratftili' 'Sevara of the s^tige are perf,^rmed j aspirating 

= V the flciid content with each washing V ^Again the MViyity la- calculated ' * 

V :^ ^ frpm the resin spsngep By calculating^, the. percentage 'uptake remai'hing 
■ * . = in the re&ln 'sponge/a^ter washings ^ as compared to^ithe initial niixta.rff > 

obtainihg.-. 

* tKe biiidirig index of tri-iodothy^jnlne: in the patient 's serum is obtained. 

^- " /'^-^ ^ ' ■ -'^^ ;\ ; . : ^ ... 

v;\ : Ill, .BATIONALE; " _ . / . 7 ' , . " , . V--.^^ ^ ^ . = - 

^ ^ — ■ ' V . ■ /-".^^ ^ ^^ ■ r . ^ \ : ^ ^ ; ^= ^ V ■ = ^ ^ * ^ 

^ . The normal adult 'range is 2Sr-35ts greater than; 35% indicating the hypfer^ 

Ct^y^oid r^ange; §rid' less than 25^^ rte hypothyroad range v Thfra are many= 
r; " ' v.. medicationa and/qiinical; ccnditions , auch as pregnancy^ that will ef fect 
the reSul-ts of this test; The radiophkrmaeeutical, man^^ac 
... ■ an excellent^ lls^ of these medications' and conditions and the effect* 

* : . .-^^ they haye upon this proc;edure./ Used properly^ this "cest^ is" ihtendid. as. 
■ \an easy %ethod= of sdreenlng thyroidfclseasfe. .Vlt7is particular 
. as a labpracpry aid and ^n- the diagnosis of hyperthyroidism associated 

■ with pragnancy^ : / . ' . \ / * = *. . % 

"=".".■ 7 . ^7 *" ■' — ^ 7 ' . ' ' ' \ .- ' - \ - ^ : ^. ; 7 ^ 

/ . ' . Z*^ 'tHYR0TD7CAMCER WORK^tJB, - ■ ^.J ' '^^^ 

- 17 .-tNTRODUCTaDN" ^^^7 ; ^ \ - ^ ' 7 ■ ^ - 
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- \ One o'f the. most: elaborate diagnostic procedures . in. nuclear medicine is 
the. thy roid= canter worl^-up ^ This work%^= may. be utiflzed jbefore^ or: after 
;S.Lifgeryiand as7a method of evaluating/' the extent of eft tain cancers. ;^ 

■ '\ iTi rsoTOPES UTILIZED And approach to^;techijique- . ■ ■ ' . ^ : ^ 

- Usually^ iQdine-?131' (sodium iodide) is. utiliped.. = If 'a ^^patlent has sus-. 
pected ^cancer ofj the thyroidj yet surgery.has no t been: ^erf ©rmed', /the . 
fusual activity (100 .micrpcuries) . f or ah 'RAI .Upcake and' thyroid Scaa^ is = 
= employfd* "If thyroid, cancer is suspected clinically and par ^scah^ ' 
^ . ^biopsy and/or surgery is usually parforme^. If canee;r is -p^ovehj radical 
" 7 " Chyrdidectdmy' is sometimes. performad-, pos^^ removing most, of the " ^ 

. J. thyroid glahd »v .PosJope,ratiyely=, the pat^ient is given a larger actiyity- 
. ; \ - pi the ■'radioactive iodine .(u^sualiy 1 ^\millicuries> with :or Without? 

. TSH/. (Thyroid St j^mulat irig Honnqne) injectlbris in order to* reveal remnanps. 
f -. Of thyroid tissue, after' surgery and metastatic areal^ throughout' the ^bddy * 
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^jPhyiiblogically, ohce the^^ gl#nd hai been i^lateai. metastatic 

/ tissue .tlsawhera in' tlie body of ten .ddheentratei the t^dioactiya mafcerial 
V. thus making It posslbla ^to reveal, matastatic arMs In/the neckr chast^.^ 
■bonfe* saft tissual or lymph glands. - ./ ' " - - 



If only a. portion pf the thyroid gland Is excised, large' activltiea of 
radlbiodlne^ (^*g;j 100 milllcuries) are sometimes .yaed .to; ablat the ^ 
ramaining thyroid tissue. Serial thyrdid; cancer' work-up cheeks eyery 
:6-i2 months arai/tHen Instituted 7 .... tfr 



' ''^ ^ / . . \^\ > ^ TRIOLEIN. FAT ABSQRPTION STUDY . , ' ^ 
, l7 'INTRODUCTION ^ - ^/ ' " ' . ^ 

.^;Th^ Triolein Test Is dependent on the .absorption of KydrolyEed tagged ^ 

triolein from the sas trolntestinal tract. ; " 

" ' ■ ' ^ ' « - ' ~ -. _' " 

I I ' . .ISOTOPE UTILIZED AND APPROACH TO. TEcllNIQUE 

lodi'rie-aai (sodium iodide) has been'found sutCable^as a. label for fat^ • 
and fatty acids. Mhe neutrall fat utilized J6r- labeling ;purposes is - 
glyceryl trioleate. (triolein). . In the body; the iodine^ljl (sodium ' ■ 
iodide)/. triolein behaves U Ike a neutral fatj I. e. / It is hydrolyEed^ 
by pancreatic lipase to. glycerbl and ^oielc acid beJore absorptioh in 
the Intestinal tract may take place. In the blood, the :lodine-l3l ■ 
triolein exists in two forms--lipld-bouhd iQdine-13L triolein and in- 
organic iodlne^l31 resulting from a metabolic breakdown of the labeled 
fat. ;0n the day. prior to the study; ten drops of a saturated^ solution 
of^KI is administered orariy three times, (after each meal) to block . 
iodine-131 uptake by. the thyroid gland. The patient should fast from ' 
midnight the day prior to^ tes ting and should no; have received any . medt- 
cations-affecting pancreatic funcfion for at hlist 48 hours prior to ' , 
testing. The iodlne-131 triolein -is administered orally in capsule fotml 
The^tlent Isf^not permitted/ to ea t or drink^uring the ^.prdc^dure^ Hep-^ 
arlnlzed blood Stoples ate obtalnid 2, 3, 4, S-and 6 hours afcer admlni- 
scration of the idS^ne-131 triolein. The height and weight of the patl- 

:enc are obtained and the estimate^ whole blood volume of the patient is . 

^ecermined by RetElJff's formulae. ' ■^ ■ ^ '. 

■ * V ^ ^ , ' ■ : . ■' ■ 'i ■ ■ ' ■ ■ 

.;Estimacion of Ery-throcyte and plasma Volum^e ■ ^ . 

.. ' J J According to Height and Body ^Weigtit ' - 

Formulae for Men : -■. 

' '. . ■ . ' ' '■ * • ' ^ 

Erythrocyce volutrte ■ (ml) = ' . . • .. . , '* . 

■ —'2; ^^i'Shf (cms). + 17. 3, X weight (kgm) ■'- ;693 ±-252 ml (l.S.D.) 

Plasma volume (ml) = . , ' , , ^ ■ 

• '23.7 ;< height (cms) + 9 x wsight (kgm) - 1709 i 358 ml (1 SKDi) . ' 




Formulae 'for Women: . 
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^ythrocyte volume (ml) *f ^ 

/ ' 1014;x hetght ;(#ns) , +^5, 7 ^ weigh't (kgm) » 164/& ±129 ml/ ( f S , £), ) 

: ^- " '^J- r- i 

Plasma Volume (ml)- - ' * / s * ; 

; ^ 403 K height (cms) 0.4 /x^^^^^ 4a^l i.:i96 M.^l SiD.) 

An aliquot #f each ^blbocj ssar^ple ts counted, In W euitable/ wef 1-typa 
scLntiliatiqn counter- and : th| per cent\ of . blood /absarp^tfrt iodine-13l/ 
triolein is ;obtained. j ' a 

III / : RATldNALE ^ 

This test is performed to Screen tor impaired 'f de- 
creasec} intestinal absorpt^qh/ \p^ should this tes t be witftlh "normal ' 
range J good ^pancreatic function and /the existancfe of normal f at digestion 
and abjiorption Is inferre^. An 16dlne-13l'^01eic Acid Fat Absorpti^ 
■Study is indxc'^ted %hQuld/' the '±odlne-13I Fat Abaorption Tasfc be 

abnormal,: / : I V- V ' /: ' . - .. . ' ^ -' ^ f l- 



- 

y 

• i 

i ■ I- 
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INTRODUCT 




OLEIC ACID FASt* ABSORPTION STUDY 



In the .abien^K^f^ pancreatic lipase' (a pahcreatic enzyme) , lodane-l-Sl 
triolein eafwffe be absprbed . If|the .Triolein Fat Absorption' Test has , 
been performed and fpL^d: to be abnormally lows an iodine-131 Oleic Acid 
Study is indicated, sinte oleic ^^4c id does ^not require hydrolytic action 
of pancreatic lipase (o'^he; absorbed , and thus measures the efficiency of 
pmall bowe L absorpt iori . ' = ^^ ' * , - ^ . . ^ 



ri-, \- ISOTOPE UTILIZEO AND ^PPROAQH TO TECHNIQUE^ ' -(i -.-CJ:: =^V^^ ' ^ 

Iodine-131 has. been found suita^^le as a label for thfsv fat ty , acid . The 
patient preparation fand procedure, are ' exac tly the same as/ ftsr^^the iodine^ 
131 Triolein Fat .A^b^'orption/S tudy except that iodine- 131^ oleic'.acid is 
utilized / ' ' - ; ■ ■ ^ = 



III; RATIONALE 



A high blood level wi th' iod the- 13 1 oleic acid folj^ot^ing a . low blood level 
with. ioddne»131' triolein is indicatiye of pancreatic lipase deficiency.- 
A, low blood leyel of both iodine 'Mjj^r to le in and iodine-131 oleic acid 
suggests that- ^neither - neutral Jats^R^. fatty acidsf' aire absorbed. This ^-^i^ 
may be due to abgorpt ive def ests in the small bow^l ^ a rapid transit 
ti[Tie , -or decreasad absorp tiv^^^^^^^^ These tes ts |ive 80%^cohf idence of' 

,thfe diagnosis of normal or\maiabsorption, ■ ■ " 
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IRON . KINETIC STUDIED. " / ^/ - /'^ 



INTRODUGTlbH 



Iron' kinetic studied measure the rate*.of disappearance of iron frqmg/the* v 
plasmas the plalsma :iron turnover rate, and' the utilization of trqn^n , 
ted blood cellJ^pro'duc The clearmhce, of Iron' from the plasma is. 

of; value in determining total bone marrow Activity^ ±,e,, the total 
amount of Iron being Iricorporated into hemoglobin in the bone marrjows 
but since the arfotint of nonradioactive Iron in the serum will Influerice 
this rate 5 a .determination of^ the plasma iron turnover rate/repre'sen'ts 
an' attetnpt ^o refine the clearance study. The red cell utilization 
technique requires- that the iron not only leave the plasmas but that • . 
it also be moved in^o the 'red cells * . Therfe ^it is helpful in . ^ 

^evMiuating^ effect 1 ^ 
percentage of labelled red/ blood calls in the peripheral circulation^ 
at 10 to 14 daysi ^ ' . ' ' . : 

n. ISpTpPE UTILIZED Ap ;^PM^ \ . ; 

RaTrous^ cltrate-39 is 'iiQployed f or this test* .. The parient shoul^d ha in 
a fasting state for the test^nd, prior to the Injectiof^ of the isotope^ 
a .serum iron; blQod sample ;shluid^^e ojbtaineds the -ferrous citrate'^59 . ^ 
Is inj ected^ in travenousiy ,and ^serial bl god samples are. drawn 20 s 30 j 60 s 
90s 12tts #nd 180 minutes * post- in j ect ion ahd^ then 4t -24 hours, and ^t two 
to thtee day .Intervals f br . a'/peri'od of approximately 28 'days * At 4 , 
hour&s ^24 hours s and at the two to three day.v^intervals s .fexternar mepsure^ 
ments of activity are made with-appropriate instruraentatipn over the 
preoordium, spJ^erts liver j .ani^ saWal; areas . ? . 

Til, RATIONALE * ^ ' ^ .T .^ \ ^ 

The iron red cell utilization is decreased in aplastic and other anemias 
' whe.re the bone marrow is ineffective in its. red bipod cell production. 
In normal'. pajllenjts,, 70^95% of the ferrous citra^e^59 is utilized in fihe 
red blood cells by the 14th day of= testing* 'Also, the external measure-* 
ment^ of ferrous citrate^59 made over ^the bonfe marrow .blood pools and ^ 
the reticuioendothelidl tissue (spleen and livet) -may help in the #val-^ . 
uation of bone: marrow funcWon, ' . ■ 



IRON BINDING CAPACITY TEST. • , - 

■ > ■ . . . = " ' ' . . . . ■ ■ • ■ . , . ■■' ^ . 

I. INTRODUCTION ^ , 

^ ■ - ' ...=^- ■ - . ■ ■ .. 

This test affords a'quickj easy ^ _and , accurate method of measurihg the 
unsaturated^ Iroa-^binding capacity of; the ^erum* = . . 

II, ^ ISOTOPE liTItlZED AND APPROACH TO TEGHNIQUe / / ' 

^ - -^' -.^- r / ^■'•L^ v::--; 

Feyrous citrate--59 is employed and . the cQmplete. testing apparatus is 
:qi0'mmercially available ; in kit form* ' The tes£ employ ferrpus cltfate-'59^ 
long with, a polyester' foam spDnga in which is embedded -a \ f inely diyid.ed 



' yV^ -^llnlfeal blagnostl^ Stuaies ' - ■ 183 



idh exchange ^sih7^ Tbe test Is perf omed 'in vltrQ with tha patient In a* 
f'aqtiiriS .^tata,, ^^^^ blo.od is ^^rawni and pla&ma 'is obtained through 

p^trifugation; ■ By cq^ting the activity present in the resin, sponge^ ^ ' 
befbrt 'pnd. af cpr .^keshing^^ w resin sponge uptake 

is derived*^ ; - J :. ' . \ . ; ' . " ' ■ ■ , ; 

ILL' RATIONALE v ^ .v. ^ 

^ . - ' . - • ^ . . ^ = . , , , . 

Once^ the per- cent resin^S|qrige uptake is obtained , r the results of fthe J 
test are e^^ressed as unMt^ated (latent) irbn-bindiril capacity . 
These results are obtalnefi/ through a%athemaWc invblving 
the activity (nef counts /er minufce) of the §p«Dnge before and after 
washings , and the micro^ams pf Iron addp4 tfr the test kit syringe, v • 
_The ^eiult^^ a^ the patient 'slsarumL 

This resuit is valuable in such cliriiMi situitions ar iron Mef iciehcy j 
anenfiai anemia of- .chronic infection, -^d'hemodhrDmatosls . * . 



^ ^ HYPOPRbTEINEMlA TEST ' ■ ^ t 

; I. : INTRODUCTION ^ ' " ' ■ ■ . ' ' ' 

.NUclear medicine has. Intrttduced an easy method of determining the pr%s- 
, ence. of gastrointestinal protein loss . ' This condition is present in a 
variety of clinical sifiuations, and may be caused by the loss of plasma'^ 
I, protein into the Intestinal , lumen. , ^' ; . ;■ 

IK ISOTOPE UTILIZEB AND APPROACH TO TECHNIQUE 

AlthoXi|h pther agents have been utilized such as radlciodlne B, human 
serum albumlp and radioiodine = i2S. human serum albumin, ttie 'agent of 
choice IS sodium chromate-Sl labeled. albumin. . (The label must be madV 
m the laboratory if not obtainable commercially .) Sodiim- thromate-Sl 
may be firmly bound to albumin.. Normally, rfnly a small percentage of. ' 

..chromium -tagged albumin in the vascular system enters thi gastrointestinal 
.cr^cc, so there •'is marked difference in fiecal excretion of the Isotope ' ' 
between normal patients and those with loss of protein plasma tlirough the ? 
intestinal wall.^ The appropriate activitf of the sodiumJchromate-51 ■ ■ * 
labeled albumin Is- intravendualy administered'and- sub&eqiient : stool, cols ' 
lectibn is made for a period of four . days ;/ The activity lin tl^ sttol ft V- 
quant^tated with proper instrumentation and the , per cent iexcretlbn of^ thf' " 

, isoto-pe IS calculated. ' ■ e*-, . . V » iuu. ui caa 

' ' ■ ■ ■ , ■ / ». ' ' ■ ■ » 

1 III, RATIONALE/; • ■ . . ' ■ ■ . 

,.This test is used to rule out exudation, of protein into the . bowel, lumen ' ' 
as a cause of hypoalbuminemla found in such diseases as exudative ^ntero-- 
pathies, ulcerMtlve colitis, sfrrue, regional enteritis, and gastrle- ^eo- ■ ' ■ • 
plasia. It affords the physician with informatloh' that may be-utllifeed 
in treating the at- conditions i ■' * • 



l34 



ERIC 



iClihicalv DlagnOBtlc Studlejg 



mm 



FIRST^ STAfeEVsc^iLLm.'TEST 



// 




1. 'INTROnUCTION ' ' 7: " ^ . " - ' v v- { . ■ . " ' 

The/Sehill4hg - t^sV is^ liMed; Co' d.tagiioSe vitabin.^i ^^-mkialbsorptionr atate 
as ; occur tn\ parniclous '^nem.±B. ],i. k':iti^ df/im^^s^ioblastic > anM 
from Wh-e lack- of secreQdn%f intrir^^ anemias, 
md varlQusrdlseasas .,»soclacedr^witK^ ttala&sot locrlripic factor - . 

Ys "present in the nb'mal sejc ret ions .olj tha^ knA^ %f.\nft^B£sLxy for;, 

'the absorption of vitamin 3 1^^^^^^^^ .The ^est;: is^tmsW^^upon the 

fact that when primary binding - sites ^ the sliver and plaTOm^y^^^ 



by aylarga vjmTant^ral: dose ^of. B12 \ 
livep^ is. eKcrated in the uritiei 



any exd^sa. over that-^akan 



' II. 



isotope' UTILIZED AND/AEPROACH TO TECTOIQUl . 




Cdbalt-57'^ (cyariodobalamln) labeled! vitiamia Bia^^ ftreqiiantl^ 
utilized * Tha. patient should f ast f rom midnight; thl day prior ip;Vt^s ^tng 
and should rtot have . had vitamin B12 iii :any form, ior - at laasC^^^ . 
Tha cobalt-57 is administerad orally^n liquid f orm and/ 24"'ho^'^ u^^^ 
collection is ^initiated. .Two hQurs^^ter:.the cQhait-^^ 
administerad, a "flushing dosa^^'-'Cris^-^aturation of . vltamin,%|/.-^^^^ 

(I5QQO micrQgrams)-;is idmlnipterad intramuseularl)^^^ 
ing sites* Should^the patiait have :ranal dysfuncSlonfc 
to cOllact three days: of uriie with a "flushing^- do^g'V^pfv;^^^^ 
^iven each 24 hours, - - » . TT^'^ 7:f ^!«^v^'^v{ ^ 

Ill, RATIONALE . ' / ^ . ^ '^v 



b ill rta ca^s s ar y j 



-After tha labeled vitamin /B ^ 2 vis- given orall 

^d^lnistefa^^o incraas'e akcrationi the radioactivity appears .i'n;\ the urine, 
^^he activity pfasent in/the urine Is proportional to the .absoirptlQn, ^^p the 
labeled, vitamin ^^i^ th'erafora an indirect measuramant of thafpresanc 
or absence of Intrinsic : factor or defective vitamiri B^g ^^soxptipP- 
^ ■ ■ -\ ' i . *^ ..... = - - •■ V _ : - - ■ 
Abnormal values of the Fi^si: Stage Schilling t as t^sugges_t^M:&lier- 9Srni= 

cious anemia j or non^sppcific malabs^orptlon of^ many- possible etiologies 
assuming riormal renal funi^tion. Normal .valuepjpoint to a'^daflciency of 
folic acid^ as the cmusa of megaloblastic anemiav^iri^ r ' 



SECOND STAGE SCHILLING TEST ' 



I: INTRODUCTION 
I 



.Th^ Second Stage, Schilling test Is parformed. on those patiahts who; have 
'abnormally low First Stage Schilling results. This prpcedure will help 
to confirm or dkny the presence of pernicious anemia. 
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h ^"^I* ISOTOPE tJTILtZEbj^D AJPP^^ ^ % * V / " 

: ;VV ' ]X Agmins cob#lt^57 ' (^yrtocpbalarain) iabeljed^ v 15^ the ;a|eOT^U5ed, 

V- . the \patient;preparation ^ test arfe exactly "the. aarte, as fpt First i 
, -//^ Schilling a^yept / that an tntrlnslG' factar cqhcpntrkte -capsule^ ^ ■ 

■* i V* the same time as tha cdbal/t^57 labeled vitamin 

; '^j; Bi2^ A paripd of 5 to 7 days should elapse between the First and ^Second 
■s:^' Stage Schilling procedures/ ^ - / 

H ; itiv RAfiokM.E . , . : ^ • ' v : ^ / \ ^ 

i • Marke cobalt^57 labeled yitamin B^^ after ; ■ 

Intrinsic factor confirms the diagnqslB ofi'intrinsic ^factor 3eficiancy, /J : 
^-w.<.;r..Jt^HM.^^^ result. b^ -lgW^s J^ 

■ ot btfeer' caus-ep—oj^ malabsorptibh *may. be present anU' a Third Stage / J j 
\ ; Schilling procedure shpuldv^ perfarmed. ; • 



THIRD- ST^E SCHILLING TEST " 



1. tNTRODUCTION 



The Third Stage Schilling test is performed on thdsiB' patients, who have 
low excretion of cobal;t-'57 labeled vitamin Bjj in . the^rine Vith the 
. - First and Second Stage Schiiling tests, ^ ^ . 

; . II. ISOTOPE UTILIZfiD^AND APPROACH /TO TECHNIQUE \ 

: Cpbalt-57 ;(cyanpcobaiamiriV labeled V Big ^'is the ageht uied,; ^ Patient 

P^iftP^ration and the -test are ekactly the;same as the Fits^ Stage Schilling 
'.iv^- ej^cept that \the patient should* receive tatracyclinfe * 250 milligrams, . - 
- four; times a day for Ip^ days prior to the test. Tetracycline ^Is admin- > 
;\i;-^rVistertd to reduce 0 alter intestinal badterla in the possible blind loop^ 
^"V\' synldrome * . ■ . .= ^ : ■ ' ^ ' . 

RATIONALE / ■ , . . . . - ' 

krkadly' improved excr|tion' of. labeled, vitamin B^g after tetracycline 
confirms the presence of malabsorption secondary to interference with 
the normal absorptiv^e "prpeess >y tfhe bacterial flora which , compete for 

he vitamin B12 within the body* This situation may oc.cur with the 
blind *loop syndrome, or after certain gastrectpmy procedures, . _ 




I, INTRODUCTION 



BQNE^ SCANNING ; 

4 



The major applicatioil of bone s'canniTi| Is^ the detection o^bone abnormal^ 
ities prior to radiographic evidence or the confirmat^jn of those eondl-^ 
tions which are noted on radiographs. . 0 \ . ' 
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il » ISOTOPE UTiLIZEp ^ . \/ /; V ; 

.Strontium nltrata-85 inj ectad Iritraven^ the agfent most commonly 

utilized/; It is handled by the body s/imllarly to dalcilun, accumulating : / 

la areas tumor-ladert bone in greater concantra^^tioh than in. normal 
bona* Scanning may ba'.startad 48 hqiixs post-injectton ^ but it is~ generally 
fconceded that the best* time to obtain:.;good localization .in areas of 
abnormality Is at 5 to 7 days post=ikj4ction. If the pelvic attea is to be - * \^ 
scanned f , the patient should receive enemas at'least 24 Kpurs prior to 
scannings as the strontium, nitrate-^85 is excreted Into th# bowel and may/ 
be .presanti-^i^i the cblon" ^t- the- time of' scanning* It is routine in this 
institution to perform scans on the entire spine and-pelyic ^area both \ 
anteriorly and posteriorly * Other ^arias^'are scanned , as itidicated, 

III. RATICW-^E : ' \ , " / : ' ' ^ - V > - ^ - - - " 

\Bone a canning y ie Ids p os It Ive ^ cans In a numt pr dt s 1 tuatdons such as " / 

fractureS s metastatlc-bone^^dlsease , ^ost_eomyellttfs , and neoplasma* It ' ^ / ' 

■•4s impossible to differentiate these diseases scatTj but by comparing 
xrrayS j scans and the clinical" ay^ptoms jpf the patlen^^ one^'may obtain ^ ^ 
added InfoOTiat ion about tTie clinical state* An= example wguld be a " / ^ 

f emale \^ith a previous- radical mastectomy who has marked pain in the / - 

lumbar spine area, ^ X--rays show no Thettas,tatfc disease , but bone /scans . 

:,^Kqj^^ a marked loc^ of the strontium nltrate=-85 iri certain fereas of / 

the lumbar spine* This information would aid the radiotherapist in * // -'' 
diagnosing metaitases and ^localizing areas to be trfeated, ' Since strontiunf 7 
nlt.rate-^85 remains in"^ bone for a long perlod Hof ,t,ima% It is possible to 
scan as long as one month post^injection* ; ^ . . ^ = 

. .. _ - ' ^ :■ ■ ii ^ ^ ' ■ ^ ■ ^ ^'" ■ ' 

: \: ■ . / \ . ;BRAIN SCANNING ; ' , • / ; > V 

■ ^ : . / , . V. . ; , ^ ■ ■ _ ' ^ ^ : 

1* INTKODUCTION ^ ^ . . - . ' ; 

The brain sqau is actepted as a routine" 'clinical prQcedure both for . . - ^ ^ 
.s;creening and follow-up b£ certain^ br^in diseases It has 'proven to be ' : 
most beneficial In the localiza,tlon*of brain tumors s vascular abnor^^ - 
malities including infarctions and hemorrhage. » and abscesses, Radio= 
pharmaceuticals utilized for brain, sdanning are characterized by, the fact >\ - - 
that normal brain tissue im relatively or completely impermeable to their 
passage frdm the bloodp Brain tumors and^most other mass lesions^ , ^ 
however, are much more^ permeable than normal braln= tissue, the degree _ 
and permeability varying with the type 'of leslon^and agent for scanning . • 



II, ISOTlPES ^UTIWZED . v ;* ' 

Although several radlonucllSes are utilized for this procedure, the most 
conmion is ^'"^Tc Cpertechnetate) • Technetlu^"99m (perte^netate) is 
obtaihed from a Molybdenum''99 generator, which consists of a shielded 
aluminum oxide columrt from which the pertechnetaJCe can be eli|ted dally, 
A relatively large amount of. this material may be injected intravenously 
because , the short physiciaaU^alf ^llf e of ; 6 hours and 'frhe lack of beta 
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^particle radiation gives .a tmall aUporbed dose to the patient. The high.- 
«gamma activity resulta in a greatly increased counting ^ate compared to 
.other a^nts and s as a result, faster sdaTining speeds (four views with 
, .rectilinear scanning requires approximate^ 4d minutes); with greatly * / ^ _ 
. improved counting statistics , Utilising this radionuclide for; brain V . 
Scannlrig, it is necessary for^the patient tb receive 200 mg of patasslum., 
perclTldrate In two. ounces of flavored vehicle orally approximately two ' 
hours prior to scanning. This medication partially blocks the uptake 
of ^9mf^^ (pertechAetate) in tlie thyroid glandj cborbld plexus and . 
salivary glands, thus removing confusing areaS' of isotope Ibcalizatipn , 

Other scanning agents that may be *utilized ^re -^^Hg chlormerodrin . = 

(neohydrin) , .^^^Hg chlormerodrin (neohydrln) ^ and todineHlJl serum albumin 
(rW lolodtnate'd Huma^^ albumin J V ' These radlopharrnaceu tlca ^- . - 

injed^d intravianously and after an Apprbpriate waiting perlid (1 to 
24 hours) scanning ma3f begln^* To perform "the routine views "of the braln*f 
(anterior, posterior, left and ^ight laterals) ,^ the 3 inch rectilinear^ 
scanning time is approximately 30-40. -minutes pe^t view, thu% requiring 
a minimum of -2 to 3 hours per brain scan for the latter threje isotopes/ 

lit, RATIONALE • »• ' . ' , . 



/ 



The brain scan is an adjunctive diaLgnosti^c tfld in detecting and locallEing 
intracranial primary and metastatic neoplasms , abscesses and vascular 
abnormalities s^ch as subdural hematoma, A-^V malformation and cerebral 
infarct, and hemorrhage, Aay patient^may safely receive these radio- 
pharmaceuticals , whereas ^arteriography and pneumoencighalography are 
sometimes contra indie a^^^. by the qlinical status of Aie patient*^ -It is 
generally ctoiceded 'rlT^t brain tumors , abscesses arid most vascular 
abnormalities result in Increased permeability of the normal- brain to 
the isotope. Since ^.^^c (pertechnetate). when injected intrayenously 
concentrates in these abnormal areas,, the above conditions : result in ^ 
incre'ased radioactivity 5^ thereby giving a "hot spot" on the scan and /:or 
direct information regarding the eKistence, siie. and location of the 
abnormality. This localization is particularly helpful to the neuro^ . 
. surgeon for it will aid him in deciding the location and jClze for a bone, 
flap in his surgical approach. It also helps the radiologist in 
planning therapeutic Irradiation* v " 



.MEDIASTINAL SCANNING 



INTRODUCTION 



One of 'the least frequently utilized procedures in ^uclear medicine, yet 
one that. may be of grea;t value, is mediastinal scanning* It Is a diag^ 
nostic .procedure to help differentiate between vascular and solid medi^ 
astinal masses, cardiiomegaly and pericardial effusion, ^ 
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II. ISOTOPES UIILIZED. 



The 



any differerit radionuclidas hava been used for the pericardial scani 
..most frequently used alfe ^^roxc-'albumin, ^^roic (pirtechnetate) and , " * ; / *■ 
' radioiodine-131 hifflian serum albumin* "With radloiodina-^Ml humarf setum = 
alburiiin there is a comparatively high radiation^ dose/^liverad to thi * = 
pa;tients and also the scanning' speed is very slow (rie^irlng approSilrtat^iy / 
J30^60.^ minutes) * ^ Critically ill patients cannot usually tolerate lying f lat ? 
for this period of time. By contrast^ large amounts of ■^.^^raTc (perteehnetata) 
may ba injected bacause its short physical half-llfa and lack of beta 
particle radiation give a. small absorbed dose to the patient. The high 
N.g^anuna yield allows a .much' faster scanning speed and required- . only /10--15 
- minutes for the entire procedure. Most critically:^ 111 patients qaa^tolerate- 
this procedure if ^^t^Tc is utilized* / : . - ' 



ill, \ MTIONALE 



Upon completion of the pericardial scOTi'*a sifeor a recumbent 
chest K-^ray is obtained wit h>"the^^^^^^^^ ^ 
for the scan. Lead marke^rs ai:^xpiSicm^mt the^^ notch and ; 

xiphoid*; : This film Is taken\tfc(detarml^ the\ cardiac 

ima ge on the film by a c omp a r i s oil s- o f ' i£h at"; d^ii"t: an c t s b e J: we e n t h e 1 e ad tna r ke r s 
dlliJ£|ie photoscan and the roentgeridJKto;fe'Npr^ 
of the heart (Intracardiac blood poQ£p^cidPfe:M 

.of the ;heart as 'seen on the chest K-»M^^^;^Pari(iardlal e£fuslon^ 
'obvious departures from the normal pat tggtr^r:-^^^^^ transVerse 
diapeter of the heart on tfi^ chest x-rai^-S^^acfi^^^^ .blood 
pool ion the photoscan. Since the ^^^Tc Cpert#0ii1rte.ba^^ is excreted by 
gastric mucosa and pooled in the liver due to^its great blood supply 
these organs are' readily discerned on the scan* Xf pericardial effusion 
Is , jresen£ 5 the intracardiac pool of radioactivity is widely separated , 
from the. gastric mucbsa and .the liver , thereby giving a "halo" .effect ^ 
around the heart 'due to the absence of radioactivity* in pericardial' fluid*, 



By. Qdmparing thp scaririing pattern with the chest roentgenogramV it is ' 
possible to differentiate mediastinal masses (g.g.s neoplasms) from aneurysms. 
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^tma. SCANNING ■/ 



Renal sGanning has long been a valuable diagnostic tool and particularly 
so if utilized^ in conjunction^ with the intravenous pyelogram. Problems 
which occur in kidney radiology such as overlying gaseous shadows ^ over^ 
lapping organ's and confusion with other structures are avoided by renal 
scanning., it -Is sometimes\ useful when a patient i^ allergic to the contrast 
medium, used/^ Jor the pyelogrami : ^ - » 
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II W = ISOTOPES .UTILIZED - . . 

' "■ ' ■ ^ ■ . ' ■ ' - : ' * . ■ ' ; : y..'^ ... ' ' ■ - ' ' ■ ■ ?• ' 

Hg--197 cfelQrmerQdrin (neohydrin) . and ^^Hg chlormerodrln (ri^phydrin) arie \ 
agents of choice pV Passage of the radioac*tlvity ttirough 'the kidney i^^ 
enough to outline the kidnfey for: several hours. These agents are; very 
-se'nsltlva in the detection of viable renal tissue, sinca chlormerodtln 
IS* concBntrated iti-fthe renal tubular cells . The. agent is Irfjected intra- 
venously and scanning ^ay begin In one hour with an approkimate scanning 
timt oj) 30 minutes ; Scanning .should be performtd t^ith the patient, in 
the p r one p o s i t i on 1 Wi t h -d e p r e s s e d t en a 1 . f unc t ion ^ . , in creased h ep.4't i c ^ ■ 
uptake is noted on tie scan.. , r "^'c . ■ ' . 




I^en a physician is :attempting to differantiaC'e..bet^eeh^^ cyit or tumor 
, of; the kidney , the patient is injectad with the ^^"^Hg •chlorm^rQci^Fin, " 
' sd^nned; ahd without moving is reinjected with^« . ; Tc (pertechnetate)= 
/a ^ery^rapi'd scan' of ths effected kidney is performed . The /^^Hg ■ ^ ' ' 

chlormerodrln scan would depictv a void or '^cold^ spot" in the ef fected area 
^ffhe kidney if it is a cyst or solid tumor, whereas with thf, ^v^^Jft ^enal V 

acan, the ^affected area would fill if m tumor ;'is:. present or .remain vgid 
-^if a;cyst ii present^. This affords a quick 'mithod of differential dlagnbsis^* 

RATIONALE ^ \ ^ ;, * \ ..^ > | _ , 

main indication for the use of renal scanning is Identi^fyin^ mass 
Tesions of the kidney ^ucb- as 'tumors s cysts abscesses etc and.^ noting 
the size 5 shape and . location of the' kidney^. Satisfactoiry visuaiiEation.v , . 
^ls ahbther indication of adequate, renal* fihctiqn / the ren^ 

be used as a fbilow-up aft^r renal transplants to dettt^ine if the v^;- " 

tranaplaht is viable, as well as detirmlnlng aganesis of -a kidney # ' . . 

Since there are no cpntraindic^tipns for this ptoc^dute- eneept pr^ ^ 
.it may be used in ^ses of allergy to ^iodine (the ; radiopaque^ contrast ' 
mediuiTl used .for; pyelbgrams contains iodine) 3^ acute or chronic renal ^ 
dysfunction or i^enal diseases. The slifj contour anti position of each ! ^ ■ 
kidney may be dec^rmin^d along with some indication of kidney fujiction. v^ v 



' ^ - --r " LIVE%^ SCANNING : .'■ ^ ■ . ; . / V 

: Iv/ INTRODUCTION ^ ^ ' ^ . .: 

A very ■ valuaB diagnostic procedure in nuclear medicine is liver 'sciMlngi 
Since heretofsre the only method'of procurring. ari'':ah^:tomic diagnosis' has 
been by angipgraphy^and/or a laparot this test affdr^is a simple, ^ 

accurate way qbtkining the anatomic information fdt the . management - of .1.; 
some 1-^er diseases* / ^ ^ \ = 

II,;- .ISOTOPES UTILIZ^ ^ ^ . ^ ^ ^ ^ \_ ^ ; ^ ^ ^ ^ - 

Three radiihuclides are commonly utilized, ^Iodine-13L labeled rose bengal 
fs administered intravenoualy and ^is taken' up rapidly by the polygonal 
cell# of the liver antf "excreted with bile' through the ^biliary? tract into ■ 
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' the-^dwteli, ' 'concentration of this .agent In She liver charigesvdurttg' theV 
Mtfme; the . Xive'r 1^ being scanned. By pbsitiDning a scintillation- probe, over 

V-iHe ' liver area, and another prpbe .over the earv and cohneatl tlm. probes * 
to atiMLp-chart' recbrders^^^ function Tnay !be pbtai/ed^ ^of, \ 

.th#' liver uptake vof iodine-'131 rpse bengal and blood activity the 
isot0pe= other -p^^^ are inversely , propo.rtlorial* / Sl^^ ffest. V ^ 

blobd try measurements of liver dysfunction are dependent uponS 

' Golorimetrie. procjedures 5 and this . test is dependent on concenoraclon oi 
radrd^actlyityv valid results are extended tb^ the entire -spectr^j r of" li^ er 
damage despite the depth .of jaundice* A liver scan is performed ^ter the 
JkI ye r function stiidy is c pmp le t ed , ; Exc r e t ion into c be intestine via', the 
'biliary eract may jesult in eonf 'Hdw^er this ' 

agj n t - ;p r Q V i d e s a me an s o f . d emo n a t r a ting b 11 i a r f ob s c r u c J ig n S c a n n i n g i s . 
b^gun a.t the lovper liver ^nar gin to avoid' the heavy 

confusion by the material; thafe eiftera the' intestinal tract^* .The other 
two commonly/uQiilized radionuclides for. liver scanning are ^®^Tc sulfide 
colloiid and V Au colloid * T^^iepe colloid ;'^articles are phagocytiEed by 
the Kupffer .cells o;i the teticuloehdotiielial system^ Th^se ^hago^y tizld 
partiQles remalft in the Kupffer cbIIs of .the liver almost;^ indefinite^ 
These materials have a'partic^e sl^e varying from; Ov 005 and 0^05 micrdnsv 
with' an .average iize of /O* 039/ microns.- Besides defining, the/ atiatdmy and^ 
position of the liver, the scan# obtaltied with these agents also yielH 
the valuable informatioTi of .siie, shape, = arid pos of the spleen, - 

which^ls immediately adjacent and tp the left ®f the liver j yhlch ^'s - 
sometimes confused . clinically .^ith the IWt Ipbe; of a: very large liver, J.^^ ■ 

111 . RATIONALE . ^ ' ; ; ' , - ' ' 

One of the majpr"?;applicatiori5 of liver scanning is tl^e differeh'tiationv 
of solitary ^pr multiple^'local^ lesions or space pceupying lesions from 
diffuse parenchymal disease of the liver such/:ai cirrhosis' or /hepatitis . 
■Therefore, when diffuse parenchymal disease of the liver is suspected, 
clinically s an iodine^l31 rose ti'engal. scan can be obtained to determine - 
the un c t io n , s i z e and s ha p & of the 1 i v e r * ^ Ea r ma r}c s o f ■ d i f f us e ""d i s e a s e 
by ' sqan using iodine^lBl rose bengal are a rather ''pacihy" or: "salt > 
arid ' pepper" -type uptake- of the material vithinvihe* liver , in"cr6ased " 
cpncentration of the material in the area of" the heart, increased bacK-^. 
ground ^ctijvlt^^ and little or rid - act^ity in = the. bowel . If by contrast " 
a lesion or void ,§pot of radioactivity . is noted within the liver, .this may,^ 
indicate a\primar)r tumors metastaseSj fatty InfiTtratlgn,. infarctj abscess i 
□r cyst is presentv This information- aids'the" surgeon' as to the^lodatipn,^ 
■of the e^actarea frrom wh4 c h'^.a b lo p ay - may . b e o b t a i n^^d - ■; An o t h e r . 1 i V e r ^ 
scan- may then be vpbtained with ^ ^®Au col3,old^ or'^^IjTc . swlfi^ colloid to ^ 
confirm the'^rea under ^^fiuspi^dton., It-s^has "been shown clinically chat =: . 
^i^ions^pS cm pr largep/.can^ be' 'det^ fated on a'liver Bcan;. . ; ' 
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.Jt-ONG 'SCALING 

With the h±|h Incidence rate 6S pulmonary embbl.i and other l&ng -^isaases ^ 
: a quick'j aohUEate method of Cscreeningi fbr suspected pathoiogy, tecBmes V:^^ 
^;neceisary - Incofporated with aysix^ffi^ot; recumbaj^ ^hest x-ray s' the luri^ 

scan 1^ a VeW valuable tfiag * ^ ";''>^ ■ = ■ ^ =: - 

-Technetium^99m MM- (macrDaggregated^mlbumi the agerit oif choices as . . 

scmnni^g Cima is *eKtreinely ^bor% ^nd it is not 'nec;^ssaTy; to ^lock th^ 
v^feft^roid; gaahd- wit^ 
MAA (radioiodinatld human ' serum i^ifeumin m^ ia the ot/h.er agent ; 

utilized in ^Ung a catm^ J^vihouM not excMdSo.l mg protein ^ 

per- kiloiram body The large; aggregates- of serum' albumin arfe composed ^ 

.0f. innumerably miaiite particles; in loosely knit masaeff^ranging in slzW^^rpin 
micips' in Simet^r .^^^ Thege particles when .injected ihti^aMenouil^ mix ' -. 
.,iiniformly ia-the blood ? HemodynMi^ and gravitational fprCje's affect the * 
particlM ^^in^ a, similar* manne blood cells . ' The partlcies- : \ / . 

.Madge !^?:attpora^iy in , the pulmoriary capilliriefa remaining f^^ \ 

^ hours, until;^hey>..ar any ^aeriter the circulation.^^ ; 'puj^ii^;'tftis 

; time lapse, the^ lung scan is performed'.^ It i& desiraUla v;-ft^^aSminist^r iSKl ^ 
in a dose qf ten,^dro.pa at.^ least two hqura prior to scanning ■ time and ^ten ^ " 
y drpps^^thr^e a day ^f tar the scan in ar&er:^to minimi^ae- th^ uptake^^^adio^ " 
act;iva" iodine in the thyrb^id gland . 



. Pulmohary , so^nTiin^^^ used jls an, adjunct to other dIaitiQStifc procedures. . ..^ 
'whenever inf ^rTnation; is de^^i'red . abput ■ pUlmonary vasculature.*- The mos-t^ * , 

. £mp o r t ah t u s e.. is t s ' % o ri f i rir^^ r ^ r ul e " o u t pu Imowa r y ' emb o 1 i / ■ ^Ev ari^ in V , . ^ ^ ' 

- i t i c al ly 1 11 pa t i en t s ^ t his s c a n = i s a / e a s ^ ^ . ; q u Tc k^ a n d ■ s a f e . . way , ' t ; 

\ dfetefiniri^, 'the sit& arid' edcrarii^; 'of .emboli^ Tt^.ip mos^ 'useful ' when . a=. . -■*-■;■ / 

\ -patlent;^-has* acute chest, pain ,a ch^s^t .x-ray ■ "is;"^ there is no' \ ■ 

evid.encfe of .^infiltrate - of ^-ateTectasis * . ^Acute.^ultno.nary emboli*' are uaually^ 
demonstrable on .lung scan be-fore th^rfe i^' x^rly^'evidence of t^e-iame, — 

. Otiier ;.qsif ul inf ormation is;, providpd by the 'scan in the diagnosia bf - ^ 
various type^ of malig^ lungs^s pneumonia v cysts or' 

ybuliafe ; ai;eleatasiS j pleuTal effusionj abscesses, emphysema and Ahrbnic 

.. asthma ' > ^ l ^ ' - . ' . ♦ ^ ^ ■ ' ■ ■ ^ • . _ ^ - 



■v.' ^IN-TROpUCTlON' 



PANCREATIC, SCANNING.-- ^ 



rTh© paij^reaa is dne of :the most difficult prgani in the hbdy to scini. %v 
..This in part due to thi .anatomical, location of - the drgan 'and'alic^ tKe ;^ 
.'p^bleni of finding an.;;iS'Otppi^, compound that will selectlvtfj^ localizib ^ . 
wi t h Jn t he p an c r e a s r S UG c es s f u 1 s Cartn ing o f ' the . pmn c r ea s rep re s en t s ' an • * ■ 
important cdntribution-jtfl dia.|hostid^m there is no S'ingl^^/* 

atii.dirjtct iriethp for , evaluating pancreatic-' f unctitfn^and"morpholpgy=^i>;. : 
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. II. , ISOTOPE UTILIZED. AND A5PR0ACH TO TECHNIQUE ' • ^ . ' ■ 

The agent choice to date for •pancreatic s,^a-nning .4^b^ selenium^TS labeled 
methionine.' This agent has a hiih e^ecif^citfy for thfe pancreas and 4lso- 
thi 'liyer, Because of^ this afffnitiy for. bqth organs^, ,a liver sca0'4s 
ob'tiined and ^^hen a pancr'eatic scan W^btained -which ,inclutfss both the ' 
. pancreas atid^ liTerV One ma^ th^n V^ib tract" the liver .area^nd observe ,V 
= (Jnly* the ^anc^eas-.^* . ■ * " - . - . 

Jo "date's many Brocedures using special ''ftiedicatibns , dietSs and different 
scanning times have^been utilized,.; The* method •cutrently being used^^ ^ , 

'Requires that .the patient be inje^cted intravenously with ^9^^Tc sulfide 

^'dlloid and a liver scan performed on thte/gatmna camera. The patient Is^ 
then positioned- with the*"^ left' s-id.e o^ the body elevated iapproj^iately 20^ 
oblique angJe> thereby separating -the . pancreas from the liver, ^sifice the 
liver/will shift to the right, ' . " ^ ' * . . ^ 

. . ^ \ " • *if . . / ■ 

A "baseline" view is obtained at the -a^a of the pantrekSj and the 75Se 
i§ irtj^ected" intraveribuslyl ' .Serial ga-^a camfera pictures (10 minutes/ each)' 
are obtained for a t,Q||41 -time of 66 minutes. / — 

III. RATIONABE ■ ; ' ,; ; , . . '\ 



The;.head j ^body , and tafl of the pancreas t^ll usually be visualized* 
With our pr&sent technique, mass lesions are^ ^dif f icult ' to^identlf y , 
Perhaps the bfeftt identiiicatlon of abnormal pancriatic. fun^ion fs a lac]^'*" 
^f concentr^t^oV Qf , ^^Se methionine * the pancreas/ \ ,v" 



I>^*J-NTRODUCTION 




PLACEISJAL^ BCANEING 



Bleeding, espfeeial''ly dur in/ third trimester of pregnancy presents 
a major probieTO :Uh*^4iagnosi&^ This bleeding may be^/ue to the presence 
of placenta previ^s which must be ;diagnosed prior ^o delivery. As with 
any highly vascularized ; organ , the^placental blood pool can be delineated 
by radionuclide tagging oi^'^-h^ patieiit 'a, blood . ^ ^ , 

rsoTppE.s trriLiZED ' ^^"^^^-^^ ^ //V 

.The . best is'otape " that may be utilized is ^^^Tc /labeled ^ albuminati because 
it allows a lean tfo be obtained whl^h readily shows the^ size and position 
df 'the piaceflta\an"dvrequires minutes to,^ co,mplete, 

TachnetliM^99m results in a low radiation dose td" the patient andVfetus. 

Another agenfi^ Chat may be used is radioiodlne-l31 ^human serum albumin, 
^here is only 'minimal transfer of the albumin across the placental b^arrier 
to the fetal circulation. Within two hours prior, to" sc.anning ^ ^the" , : 



= Clinical Dlagnostix:- Studies ' ' . l93 - 

.patient shyuld receive 10 drops SSKI . (saturated solution potassium iodide) 
to' block the uptake of ftodine in the thyroid glan^ of^^e mbther and^ fetus* 
The patient's uterus is divided^into twelve equal areas by marking, with a\ 
red wak pencil (3 areas laterally and 4 areas lorigrtudinally) .. Serial 
1^2 :minute counts are obtained with a scintillation probe, positioning 
the probe exactly perpendicular to the table on which the patient is lying. 
Two counts are, taken over ea^ area and two counts are obtained over the 

/xiphoid process* The count of each area is ^calculated as 'a percentage ^ ^ 
of Che count over the xiphoid process , which is taken as the 100% reference 

■point. These percentages are then plotted on a^ schematic diagram of thef 
uterus and . the resulting patterns. of radioactivity are interpreted. The , 

I highest areas of concentration will usually indicate 'the position of the 
.placental blood. pool. 

III. MTIONALE ■ ^ ^ ' 

.Although other means ®f determining the presencd[ of placenta previa are 
Ivailablei. the isotopi^ method is con^dered to be preflrablp. For 

'example, maau.al digital examinacion is considered inadvisable because, of 
the possibility of gross hemorrhage. Roentgenolggic procedures are also 
available, but the isotopic ^method of eKamination reduces the radiation 

exposure tp. both the mother^ and fetus, , . . 

if 

■- ^ . ' ' _ ' . • 

, . ; . SPLEEN . SCANNING, ■ ■ a ' 

I. ' INTRODUCTION ' . ■ ' 

It is possible to visualiae the spleen either with tagged r6d cells or 
colloids and thus; show its location and , morphology • . 

II. . ISOTOPES UTILIZED ■ v " J 

One technique of spleen scanning Involves tagging 'the patient's red i 
blood cells with chrom}.um-51 (sodium chromate) and -damaging the cells 
with heat. Once this has been accomplished , the red cells are reinjected 
into the' patient and serial scans ^^ei^ the splenic area are performed 
after the spleen: bed has conc^trfted ^the red cells. This method is . . 
technically difficult and if the red* cells are not heat treated to 
eKactly the propifV temperature, the test is unsuccessful. With ^^'^Tc 
sulfide colloid and -^Au. colloid, spleen scanning may be accomplished ( ' 
with ease. Both ^colloid materials have an affinity for the reticulo- 
andpthelial system of which the spleen is a paj^t. The agent is inj&cted 
intravenously and the scan may be Initimted aft%r a waiting period ^ of - . . 

.approKimately 15 minutes. '■■ : 

.- ' ■ • ' * 

III. RATIONALE ' ' . , ^ . 

_ ^ • * -- ■ ' * 

The, spleen may be enlarged by certain hematologic disorders, or liver 
'diseases, or may rupture due to primary splenic trauma* It is first 
desirable, to determine' if the spleen is clinically palpable. It so, 
anterior' and left lateral scans are obcained. If the spleen. is not - 
palpable, posterior and left . lateral scans are obtained'. These sdaris 



will show\the splenic gize.,, ^shape , artd position. Clinically, the spleen 
is somatimes confused as being thf left lobe^ o£ a very 'large liver. 
Since both ^^^c iulfide collpid a^d ;^9 8au cdlloid have, a gpaeif ic • 
^affinity for both' spleen and liver jfone anterior veiw will rfeveal _the 
exact location of bath organs^ and l^^^^j^orming an iodine-13l rose . 
bengal liver stan at; a later datev oijs may use tha^'"'subtraclion method" ^ 
and obtain only cli^e splenic are^, ' ' . . = _ — 



f : ' • ^ THYROID SCAraiNG - — ----^--r™~; 

/■ ^ • ^ . " ■ • . V ■ , ; = . 

I. INTRODUCTrON • ; , ■ 

- ■ ^ ■- ' ^ 

The thyroid scan ^is an ejrample of the use of k pkyaloiogical meohanlini 
to concentrate a' radionuclide and make possible the visualisation of the 
structure oi an organ. This scan, takes a relatively short ^period of , 
time to perfor|ft (average"20-30 minutes)., and even seriously ill.patianta 
can tolerate the proceidure well* ^ ^ ' \ _ 

II* ISOTOPES utilized' ^ / . ' 

The isotope is adminietered as sodium Iodide^ in an. oral liquid and 
metabolically followe ^the same pathway as normally occurring' stable 
iodine (iodine-'127) . The iodine isUngested and Is absorbed by the 
digestiiVe^ tract in its inorganic form and circulated in the blood. The 
hlodd traverses the thyroid gland and under enzymatic control is .Silectlvely 
trapped by the thyroid cells in comparatively large amontSj i.a-, the 
thyroid cell concentration is 20^30 tim^pf^hat of the bl^ood concentration. 
Iodine-131 £sodium iodide) is^ the most= conmionly used Isotope because of 
its availability, favorable sftelf half --life and low do.se, 

IodineTl23 (sodium iodide) has been found )^o be a very valuable agent for 
thyroid scanning for several reasoris. .It provides , two different ^n^^rgy 
ranges for scanning 159^ keV and 28 ket '(x-ray ^rangey, the latter Being 
particularly useful. for suspected .superficial "cbld** nodules. .For 
equivalent activities^ the radiation dose to the. thyroid gland from 
iodine^l23 is less than that for iodine^l31 by abactor of approximately .30 . 

III. RATIONALE - . . ^ ' ^ 

Size, shapes position ^ and the presence of ''hot"^or "cold" nodules of 
■-the thyroid gland can be accurately determined by the thyroid scan. Two 
te'thniques are commonly used. In ''hand scanning" the collimated detector 
is placed over the selected sites and count ratts are^ead and recorded 
from a ratemeter or a. scaling circuit. In "automatic scanningj'V the 
detector movfs' mechanically in one or more planes and the countipg rate 
is automatically recorded at selected times and spacings. 

..(■a) Size - Knowing the size of the thyroid gland helps verify the' - , 
clinical impression obtained on palpation and also to evaluate the gland 
size prior to radioiodine therapy. ■ 
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(b) ^Shape - The shape of the thyroid gland*' is particularly noteworthy 
since there may be an agenesis of one lobi, , ohe lobe may be larger fihan 
the others surgical thyroidectomy .maj^.^:have teen perfprmed or a pyramidal - 
lobe may be present* The thyroid scan is of; particular benefit in de- 
termining the effectiveness or adequacy of the thyroidectomy and also 
when thyroid , surgery is contemplated, '\ " f 

(p) Posit iorl - Determining the position of the thyroid . gland by scan is 
helpful wh^ subs terVial . thyrbid tissuej^ thyroglbssal duct cyst oy metas-, 
t^es^ of thyroid cancer are iuipected, - 

(d) The presence of "cold" or "hot" nodules - A "hot" nodule of the thy- 
roid gland infers hyperactivity ; A single "cold" nodule (no activity or^. 
background activity) in the" preience pf^ normal functioning thypoid ^tissue 
must always be^ viawfd with suspicions a, g, , a posaible malignapt nodule. 
Multiple "cold" nodules, infer multinodular goiter*.^ 

' The thyroid scans along with. the radioactive iodine, uptake, gives an 
-accurate method of- diagnos ing thyroid dtseasei and aids in their manage- 
ment * , " ^ A '~ ■ ♦ 

I ^ " EYE TUMOR LOCALIZATION ^ ' ^ . . 

I, INTkoDUCTION. ^ " - 9 

The introduction of eye tum^br locaiization by radioisotopic methods is 
usefulj s-ince it results in no trauma to the-^eye. It is,, not possible 
to biopsy intraocular lesions without ^m^B of vision and* destruction of ; . 
the eye, v . . ? • . ' ' . • • •' 

II, - ISOTOPE UTILIZED AND APPROACH TO TECHNIQUE , - ^ . _ 

Phosphorus- 32 as phosphate is utilized ^ since radiophosphorus uptake is 
greater in op^llfr cumors than in other areas of ^ the eye. Since most in- 
traocular tumori are' located^n the periphery of the eye, pure beta emit- 
ters, such' as radiophosphorus , can be ^used for the localisation. The 
patient is injected intravenously with the ra'diaphosphorus and the tumor 
Ipcalizatipn procelHs/ in 48 hours , Special ^ye tumor localization probes 
(usually Geiger-Mueller tubes) and count rates are accurately determined 
over multiple designated areas of each ey&, , ^ ^ ' ^ 

III, RATIONALE • - • ' ' 

This test i^lll^ detect best those tumors which lie near . the anterior 
^ segment of the eye bacai^e the tumor is more readily ^accessible for 

detection and also because the beta particles from phbsphorus-32 can 
-travel only a short distance , .thus making detection of deeply pladed 

tumors .difficult . Increased loGalizatlon of the isotppe over the 

suspected area of the eye indicates disease. It is also posilble to- 
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localize p,os.terior^les±'ons of the eye, but this procedure mu'st be performed 

in 'surgery since it is riecestkry to position a small radiation detector 
^be'hind the aye after incising "the conjunctiva, - A , /o . " 



INTRODUCTION 



BLOOD^^OL'UME 



Using radioisocoplc^niethods s It i^s possible to determine plafsma' volume , 
red blood cell^mass and thus to calculate the blood vplume and whole^ bo4y 
hematocrit. ^ / - " ' . 

II. ' isotopes; UTMZED AND APPROAGH TO TECHNIQUE ^ ^ ^ 

■ • - ^ . . \ ■ , . ^ ' r . ' , ■ 

The modt preciae|%athod' for determining the plasma .volume and red cell , 
mass ds the simyfttaneous^use of iodine-125 serum ralbumin (radioiodin^ted v 
human serum albiSfain)- for plasma vplume determiriations arid^-Cr (sodium 
chrom^te) for r#d'^eell mass. Bodine=125 is more cotmnonly used because of, 
its longer shelf lllN, it l,s less likely ^to liberate free;lodide and allows 
sltrtultaneous>^€(Kf iMtipri of- red mttss with ^icr since trieir/actiyities 

Tfiay be determiiiid from the sami sample by ^the japna-ray spectrometer , 
lQdine-125 sariim albumin ^is^ used because it miKes promptly wi^tK blood 
.constltut©nts/'in abo^t 10-30 minutes in a uniform mannet, and^ with serial 
sampling of bloodj postinjection j the^ concentratitfn of the/aetlyity in 
tha plasma , can be^ readily ascertained 'with suitable well type acint illation 
counters V ^^it:h the-use of'^^Cr (sodium chromate) ^ however, an aliquot of ^ 
the pati^ntfs blood mupt b the red blood ^cells are tagged 

wi^h the ^^Cr In. ' vitro tiy a special procedure and then reinjected into 
, the .patient . ^ain, serial samples are obtained ^postinjection and the 
! activity J^ithin ^the red cell aliquots is ob&ained. The energies of thes.e^ 
two isot<:^s are.sufficientiy^ different %6^perTnit^ m ^ . 

the sdmevSlood sample using proper instrumentation. \ / ' , 

III. raMonale ' ' . ' 

From the -procedures the patient '^s plasma' volume , red cell mass and whole 
body hematocrit may be determined. The patiert's height and weight are . 
obtained. and by applying J. A* Retzloff 's formulae' (see appendlK IV), ohe 
may aicertiln the normal red cell mass and plasma voluine for this particular 
patl^t* Some indications for this procedure are polycythemia p hemorrhage, 
anemia, cardiac or renal diseases of ^unknown etiology and as a pre- ^ • , 
work-up where it is knora that radicar surgery will be performed*. s_-'^ 

■ RED BLOOD.. CELL mgS, pRVIVAL, AND SEQUESTRATION STUDIES 
"I. INTRODUCTION 

The use of an agent whicV hinds itself to the red blood ceA and is not 
reutllia^ed dn production Jof the cells makes it possible tc^ study red blood 
cell volume, gastrointestinal, bleeding, survival ^ time of the red cejls 
a;id the organs of sequestration of jed cells if it occurs, . 
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.Chromium-51 (sodlura chrpmate) is the agent utilized' for ithis techniq'Ue, 
it: is a parttculrarly useful i in that , it has a very favorable 

physicai hali-life of 27.^8 days and its gamma emission can readily he 
'deteeted with a* scintillation cpunter. An aliquot of the patient 's ^ 
bipod ia dbtained and the red cells are then tagged with the sodium ^ ^ = 
ctrbjnate' by a speelal procedure. It is then reinjected intravenously, . 
into, the patient and serial bl samples are taken so Chlat a red blood= 
cell mass (In milliliters ) determination may be obtained. As in the iron 
kinetic studies, eKternal "^measurements with suitable equipment are made 
over the precordlum, spleiirt,; liyer and sacral areas^ to note *areas bf 
localization. Twenty-four hours posting the ^^Cr tagged cells 

anotfteT^ blood simple la obtained " and serial ones thereafter every twa-to 
three day&^for approximat^. 30 days to s^e the tagged cells survived 
If it is necessary for the- patient to receive a blood transfaslon during 
this period j the results are invalidated ./ 

lll^,. KATIONALE^ >, \ - ^ ' ^ ■ - 

Since the ^^Ci tp bound to the red cell4 and nbt reutlli^ed, the red 
bloqd cell life span may be^ detgrmined by studying the decreasing radio- 
activity in the: whole blood. A shofftfened ll,fe span of the red cell may be 
due to hemolytic anemia or bleeaing^ -With the eKternal iheasurements of 
rad^atilon in the precordiifmj spjeens liv^r and sftral ateas, it/is some- 
clnAs •possible to detect^.the ex^ct site of red cell sequestration and 
das true tion, -e.g; , the spleen*^ A rsplenectomy may be indicated in this 
sltuatlpnv ^ ^ ^ . ^ _ ; ' 



RENOGRAMS ..(KIDNEy rUNCTION^ TEST]r 



INTRODUCTION 



Th« renogram is a quick method of; appraising the function of each.:^kidney 
separately, and^ is very useful in screening hypertensive patients to find 
thoie^ who may have surgically correctable unilateral renal disease, 
InQdrporating this te|t repult with blood ctiemlstrles and the I.V, 
^pyelogram K-ray is often valuable in arriving at the proper diagnosis in 
renal diseaaes, ^ , " / ' " ^ 

' 1^1; ^ISOTOPE yTILIZED AND APPROACH TO TICHNIQUE 

, lodine-lSl hlppuran ' (orthoiodohippurati) is^tke;; agent employed. It is 
^: necejsary that 10, drops of SSKI be administered .three times the day 
\ ptio'r to testing, in order to minimlie the uptake of radioactive iodine 
■ in the-'^th^old gland. Also th6. exact location of the kidneys must be ^ 
* ; prec^termined either by ^kldne^localizatlon techniques" with isotopes, 
the I,V, pyelogram x-rays, o^an x-ray film, of the adbomen. The patieftt 
is ^l^aced In a prone posltlon^^^^d a scintillation probe is placed 
directly over each kidney, The matched probes are connected to strlp- 
chaft recorders through ratemeters, , Appropriate activ^ity of the 
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itfdine-131 hippuran is injsctad rapidly Intravendusly and recordings of 
= tha'passmge of .the isptope are ^ade for a duration of at least 30 .minutes 
; over each 'kidney:, ' ■ ^, . i * ^ 

•* RATIONALE [ . \ / ^ 

Dlagrammatically, three phases of kidney function are recognlzfed, The 
first p^hase' is thought to represent the arrival of the tracer b®lus down 
the aorta and is seen even if the kidney is absent. Th^secQ^nd and third 
phases represent the "secretory" function of the kidney ^plus drainage^pf 
* urine via the collecting tubuleSj processes which occur . virtually . 
'taneSusly, Mathematic computations together with overall ^pattern apprft^ 
ano-es are utilized to evaluate the renogram* Abnorraal results indicate . 
only that these are functional or structural differences betwie^the^two^ 
kidneys* Dehydration pay give abnorinal tracings . Indications fbr this ' 
test are renal dysfunction, hyperterision, unilateral renal artery disease, 
suspected agenesis or renal obstructive /uropathy. 



■ \ 
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s MATHEMATICS REVIEW . . 

■ .. ■ ' : ;■ 

I. . INTROQUCTION- ■ ■ ' ^ ■ ' "' . - 

The nuclear nted leal technologis t muat be able to'iapply basic mat h^mat leal 
pri'ncipJres to practical situations* Mathematics is a v^lusible tool to 
help htm perform his duties. Tht person who masters this tool can ^ork 
more effectively and^ with far greater insigHt than someane who regards 
mathematics as an evil to be avoided, A working knowledge of elementary 
calculus is helpfulj but ndt absolutely essential, . The equivAlenc of a 
good' background in college level algebra .is generally cons idered the mini- 
mum requirement*. ' ' 

Fresented here is a brief review , of; a few mathematical concepts which are 
parfiicularly applicable to calculacions frequently performed in nuclear 
medicine. Topics covered ate eKponerlts , large and stnall numbers , loga- 
rithms^ and eKponential functio*ns* j ^ . ■ 

II. ^EXPONENTS ■ - . ^ . _ . /' [ . , 

InAthe expression y ^ , k is called tbe "base" and a is the "eKponent" 
deslgnfting the power to which the base ls,ralse3. When working with 
exponents 5 thrf^e fundamental laws .must be obs6rved: / * = 

1. .THE PRODUCT OP^ANY.NUMER OF FACTORS, EACH .CONTAINING THE SAME BASE 
RAISED TO ANY POWER-, IS EQUAL 'TO THE BASE RAISED TO THE SUM- OF THE IN- 
DIVIDUAL EXPONENTS. ' . " . . . ^ - 

' \ - ;• y » ' ^ ^ , . ■ 

For example^ if one wishes.^ to evaluate tlie pnoductj 2^ X 2^ X 2: ^ ?i 
he may proQeed in one of two ways : Each *factor* may. be evaluated sepa- 
rately and the individual products' multipl if d-^ w ^ ^ 

^ " . _ 2^ .n: ^2 X 2 ^^4 _/ ■ 

' - \. ^ 2^ * 2 X 2 X 2 - 8 . , ; . 

' * ■ ^2^ ^ 2 X. 2^ 4 ^ ■ ' ^ , ^ 



ThenV 



4 X B^K 4 ^ 128. 



The same result may be obtained in one operation by adding the exponents : 

2^ K 2^ K 2^ ^ 2^^*^*^> * 2" - 128;' 
The above stated law is written algebraiGally as: - , ^ > 

2. THE QUOTIENT of: TWO TERMS, EACH CONTAINING THE* SAME BASE RAISED TO 
ANY POWER,, IS EQUAL TO THE, BASE RAISED TO tHE DIFFERENCE OF THE ALOE- " 
BMICSUM OF THE EXPONENTS IN THE NUMERATOR AND THE ALGEBR^C SUM OF - 
■THE EXPONENTS IN THE DENOMINATOR. , 

■ : . ■ • ■ ' • O ': ' .: ■ 
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^C^^ider. Che quotient, ^ ^ ^ ' 

' Evaluating the numerator and denotnih^to'r' separately yields. 
Applying" the above rule* the same resuit is Qbtained by 
the algebraic staterient of this rule is: 

3. TO RAISE A TERM TO A POWER Tl^^ONTAINS A BASE |AISED TO A POWER, 
MULTIPLY THE EXPONENp/ , /' / ' ■ \ 

For example, suppose bne wishes t,o evaluate ttie foilowing: (2*^)^^- ?. 

... • ^ ' . . 

Evaluating the tar^ in parentheses separately yieldij (2^)^ ^ 8^ ^ 64, 
or^applying the rule dW'ectly- C2®^)^^ ^64, 

^This*rule is written algebraic411y asi (k*)** ^ k* ^ ' — 

In addition to these three rules of exponents^ one must. also keep In 
mind that ANY BASE RAISED TO THE POWER ZERO IS NUMERICALLY EQUAL TO ONEV 
That is xf = l*for all values of k except zero irt which case, art^afesolute 
value is indeterminate. " . 

III, L4r4e km .SMALL NuMeRS ^, ■ ^ = ^ ^ ^ \ 

The nuel^ar Medical technologist frequently performs calculations in- 
volving extremely large and small -numbers; The preceding rules, with 
the number 10 as a base, greatly simplify these ca4culation&. For in 
stance^, suppose one wished to' evaluate: ^ (0 . 00O0O00W5' X 6340000000) + 
(i72000 O,OO000000067J 

■ ■ ' ^ \ f \ • ^* - ■ . . . 

As it is written in decimal form, this calculation is eKtremely cumber- 
some, %Since our numbering system ii based on powers of '10 (i.e*, using 
10 as .the base), the above numbers may be written as the desired number 

^ o f significant figures times 10 raised to some, power. Each movement of 
Che decimal point changes the magnitude of the number by the factor 10, 
Thus, if y we m^ve . the decimal ppint 6 places, to the right, we increase^ 
the magnitude of the number by the factor- 10^ p We multiply the number 

" by^O" to compensate p , = ^ ' : 

In this eKample , , 0 . 0000000875 has -seven 'zeros between the decimal point 
and the first significant figure. Thus, it may be wrttten as 8.75 X 10'^®, 
since the. decimal point has been moved eight places to the right.. Simi- 
larly, the number 6340000000* may be written as 6*34 X 10® .by moving the 
decimal point nine places to the left, Continuing with the "example, 
72Q00 ^ 7,2 X 10* and o] 00000000067 ^ 6.7 X 10:^-° , . ^ 

ThTus the quotient becomes , 




(8.. 75 X 10 ^) (6,34 X 10 ) ^ ^ 
(7;^')<a0*) (6,7 X lO^-"")/ 



6 



''ill. 



Now'dhly t^^e signiflcanc, figures need be multiplied and divided. The 
apprppriati\^^^power of 10 is .determined .by using the previously stated 
rCiies of. eKppnents , 



- las X 10^ 



Rewriting theVekample -anj S^^ yields: 

, 34)/ riot- v^)] ' 

= * 

which may be'wrttcen in decimai form as 11500000, ' ' ^ " 

' : ' . ;V- ^' " * ;■ ; . ■ ■ . ^ 

quocient containing any number of factors may be evaluated in this 

■ I ^' ..." . ^ ... ^: . 

IV. LOGARITHMS; " . " ■ 

Consider the equation y ^ in wh4ch the base^ a , is raised|6o the x 
powe^* This same equation^ ma^ be written.-in the foirm, log y- In 
the first statem#nt, x la .wrlften as an exponent, while In* thi' secMd ^ 
X Is expressed as a Idgarithm, The ^tUr express Ion states , 

a is^ used as the biiaJ^ * ' ■ . V „ 



Idgarithni of y if 

By comparing the 
Lg 



J , equations, one pah deduce the general daf Init tonfof 
a logarithm^whiGh istates^ "The logarithm a number to any ^^ase /is ^ the ' 
poweF" to which th^. base must be raised to give the number,'* ThUs, log- 

ts *a?f identical; the 'same rules apply to bothr' It * 
is=,nece^s#rywthat^li logarithms used ■ in"a given opelr^tion be^expressed 

e base, . Almost any num^ir'abt Id ^merv^e as a base, but; 
n usage:, coranpn . or ^riggsiah, logarithms fbasa IQ) r 
Ian logar^thrns Xb"e e*^ 2,71828. . ,),. The choice^ 
ibviouss our system of numbers is based on powera of ^ 
10. ^he significanhe of e may not be so readily apparent^ and the reader 
is referred to any ^ollege algebra^hpoW for a discussion of the origin " 

aa a base s implif ies .'the mathematical statements of 
ti^ties which^ar6 changing ac a ra^fe proportional to 
quantity. ^ ^ f: - ^ 



ar Ithms and expon 
is .nece^sf ry wthat 
^iative. to the s 
only two are in »c 
and natural .or. Nap 
.of 10 As W base is 



of e.y^ie us^ of 

facc^ cbficernirig q 
th-e^ rlagnitude of th 



A.' - Ruizes for Using 
The fol lowing s>Tnbol 



throughout the remair|der of \this chapter 

log^oK * log 
log,» X * In X 



5garithma ^ / , 

sm has been generally adopted and will be used 



As previqusly mentioned, the rules for using logarithms are identical to 
those for'expoi>ents._ jRestated In logarithmic terms they are: ' 



■rl. inCa ; b . c. i. .n) ^ In a -f- In b + In c+ 

2. ln;f - In a - In b ^ * ' - ^ 

3. ^ In a^ ^ b In 'a ^ ' ■ ' 



, + In n 
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la'additaon, two geriaralities &hou4d, be kepc in mind 



number.^ to the same ba*se a's the number is 



4, The , iogar i thm of " any 

Orte* '^at^isj In e 1 and log 10 ^ 1*^. . ^ ' . 

'. .5. *The Ic^arlthffi'Of 1 to any base is . zero.. , ■■ > , • 

■ ■" - ^ ' ^ r - . ■■. ^ : . . • ^ 

V. EXPONEOTmj. FUNCTION^ \ ^ _ ^ ^ 

Many physical , chamtcalj and biolpgicaL phpnomend ^ the^ property 

^ of changing, , either naturafiy or by ar t if i^ial Imearis , at a rate proi- 
pprtional^CQ Che amount of a material prese^it at any tipie. These pro- 
cesses are said to be "eKponential": in their/ time j^te of change, and 
the' amount p^fesent at-a^y'= titffa is proportional to ".the amount 'present at 
an earl ier ''t ime mulfetip lied by sojne powfer of js. Radioac t Ive" decay is an 
exponential relationship'^ \ , 

Some examples of eKponential equations and their graphical presentation 
are given in fhe= material which follows/ The student should becofme 
familiar with th^sfe exponentiat relationships aLnd pra^ct ice evaluating 
them, 'Values of :a raised to pos i t ive^ and negative powers are given in. 
any gQod set of mathematicai ^table's, or a slide rule may be used to ^ 
r^evaluafie this function/ * . . ^ ' [ ^ 

In Che? three ^"'examples presented j the following s^JmbqV.fxpla;^ 

^'^^ r > . .. 1.' ■/ ^ ■ ' ■ ^'.- 

= . , ' ^ ' ' "-^ : ^ ' \^4f.\ ■ : ' ' ' ''•y^'<^:'^': ' ' " ' ' 
. \- A amount^^^present ^'fcrf'time t /• * 

■ - ' ' ^ ' , - 

v. ; e^^,base of natural lo^garifchms ' > . 

. - ^ ^ -r^ ■ ''^ ^ ^ ■ 

. k exponent of e which ^determines rate of 'change (rate cotisj!ant 

^t '-"-^©lapsed time , 'f. . < , » ^ ' ; 



) 




Figure i,-^Gurye Representing the Change in a 
Quantity whioh Increases' Exponentially 




Figure 2 . "Curve Representing the EKponential Decrease of a Quantity 




TIME 



Figure 3 ^ -'-Curve., Re^^e sent the.^ Change J^rt a Qxiantityi- 
which I s Beirfg Formed, at a Constant Rate whi/e 
iv-. I'M Decreasing* EKponentially, 



EKLC 
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MDIONU»IDE 'ACTIVITY SCHEDULE 
FOR CLINICAL /RXniOISdTOPE STUblES 



Adult Schedule 



mjGLEAR MEDICINE DEPARTMENT 



.V UNIVERSITY OF CINCINNATI MEDICAL CENTER 



ERIC 



Study - 



•feadidniiclide- & 
ehernical Fortn'- 



Iod^ine-13.1". OT 
Iodfne-123 - 
Sodium. Iodide 



} i\di\iinifiter&d- 



Time Interval 
Beforg Testing 



RAI Uptake. 



.24 Kours 



2.,^ Protein Bdund 
- ■;. Iodine C5n- 
^ -emersion. Ratio 



Iodine -iSl 
.Sodium iodMe' 



5"0 M-Cl arally. 



24 48 hour:s-.r 



Chromaco: 
r". graphy 



-Iodine- 131, 
Sodium Iodide 



laO' 'it Chorally 



Blood "samples 
48 jf; and 
120^ hours 



TSH^ Uptake 
Study 



^^-..Si/. Thyroid sea:a 



Iodine- 131 or 
-rodine-.123". 



f^Cl administered.; 
* 50%, above activ, 
ining in gland 



24 hours v. 



? , ^ ' = ■ " 

. ;.,Iodlne-131 ;pr: 
(;^^Iodlne-123 [}■ ' 
Sodium Iodide 



100 UCi orally 



24 hours 



&\ ^ ^-3 Suppre'a- 

sion Test 
V (Cytomel : 

Suppress ion j 



lo^inerlSl or 
Iodl:ne-423^ 
'Sodium Ibdine 



pCi admtnis tiered -S: 
^ 50% above acti]|^Cy 
r ema in ing in g 1 and/ 



:24; ,houts 



T-3 Resin 
fist ( In 
Vitro^"" 



Iodine- 131 
>SQdiiSm rddlda 



RAI Uptake^ 
and Scan 



Ipdine-ljl or 
^^jE6dinerl23 ' 
■V Spdium Iodide 



:100 M^Gi o^aTly 



24 hours 
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, r S tudy . 



Rtfd iorliacllde '6 
Chethleal Form ^ 



1. Fata 



Triolain' . 
^'V:'Y .'.y^-. ".b'-^^l/flleic Acid 



^ ^ a . ^ Ab s or p t io.n 



b . Iron Bind- 
ing GapEQ- 

ity Tea r 

' f ' ■* = ■ .= 

■ c -^ -^ Plasma 

' Claaranbe- , 
f and/ 
• Turndver " ' 

d. : RBC .Uptake 

^ and/o^; ' 
. * Turnover^ 

-■ ■ ' *i 

=e, : In Vivo 



I od ine ?• 1 3 1 = t ir^^o 1 e in 
Glyceryl Triolea^te- 

lod iri^- 13 i Oleic' " / 



Iron- 5 9 

Fpr r Qus C itratfe 



Count in 



IrQn-.59 . / 
F=€rroui Citrata 



'Ferrous - Citrate 



Iron-59 , 
Ferrous Ctcrat'e 



Iron-59 }. 
Ferrous Citrate 



Activity 
eAdm i ria B t e r ed 



50^^LCi■t■Qraily 



50-;M.Ci orally 



1 jj^Ci orally 
700 jig*. Ferrous 
Anmipnium Sulfate 
300 = mg. Ascprbic 

:Ac.id..'; ■ r : 

T e i' t , F e r f o mn e d 
In^ Vit fo - - " 



20 4lC± I.V, 



20 #Ci 



20 M.Ci I, v. 



%ime Interval 
Before Tastihc 



-BLgod samples' 
2,3,4,5^6, 
ho^rsj- 

Bldqd samples 

. :2;3i4,5,e, 

.fiours >^ 



Stool Samples 
J days 



Blood Samples-' 

' loVso vSo^eo , ; 

: 90,12Q and 130 
minutes 

Periodic Blood 
Samples > for 14 
^ days * 

■ \. 

Periodic Count7 
. ing for 14 days 



3v . : Protein 




a . Hy popr o- 
tei^em£a 
.( Intes t inal 
Los^ ) 



Chromium-Sl 
Albumin ^ . 

Iodine-''t.25, Serum 
(human) 41bumin 

Iodine-,131 Serum; 
(human) ■A-lbumtn 



50 M.Ci I,;V^, 
50 M.Ci 1.7. 



10^50 fACl .1..^ 



Stool Samples 
X 4 days 



'■ ■ - ■ ' ' Metabolic Studies ( Non Thyroia V 

■•V ^ ^iV'" ' ' ' (continued). ■. , ; . _ • 



■ ;Study 


^ J---,T 

Radl6nuclida .&- . : ^ 
Chamical^ Form; r 


, AcUvity : 
Admihiaterad 


Time Interval 
Bafore Testing 


4,. Vitamins 

. a,; Is't^S cage • / 

"b. 2rid Stage 
- Schilling / 

■ ' ■ ■ FactQr) 

' : c, 3rd Stage 
^ Schilling 
CTetra- 

eye line X 
. 7-10 days) 


Cobalt-57%: . ■ 

Cyanpc&balamin , 

,.Cobait-^57 " 

■Cobalt.-60.. . 
Cyanoeobalamin" 

/ ^ ■ 

& ■ 

Coba;.;t-57 . 

Cobalt- 60, ; ' ^ 
Cyanbcobalamin 


^ O.S' ii'Cl oraMy 

:* ■ ' 

- .0.5 net orally^ 

-- ^ . ^ *^ . s 

0,5 M^Ci' orally . 
. 0,5 \kCl orally 

0.5 ^iCi orally 
'0*5 M-Ct orally 

/ . ' \ ■ ■ 


Urine Collec- 
tion ^ 24 hrs , 
Urine -Col lec- 
tion K 24 hrs* 

Urine: Collec-. 
tion X 24 hrs. 
Urine-Gollec- 
" tion X 24 hrs, 

. ■ • ■ \ / ■' ' : 
Urine Cbllec- 
tioii X 24 hrs, 
Ur.ine Collac- _ 
. tion X 24 hrs. 



^iqOO "micrograms vitamin 12 
intramuscularly 2 hours post- 
administration of activltyv 
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.. . Study 


Radionuclide : 
Chemical Form 


Activity. 
' Administarad 


Timf * Intarval ' 
Before Testing 


U Boy \ ' ^ 


i ' - ■ 
Strpntium*85 -^.^^ - 

Strontium : Nitrate 


■ r i^Ci/kgtn 'or - 
100 i^Ci I.V'. 
^(Bowel prep* 


72 hours or * 
longer - 


2,, Brain 


= = Techne t ium^ 99m 
Per tachnetate 


15 mCi I-y. 
(age above 40) 


"20-30^inut^a 
(not -to excaad 
3 hour:S) . 






10 mCi 1*7, 
' (age 15-40) 


^ ■ .. = / ... . • 




■ - ■ ■ . , ^ 
Mercury-197 ■ 
Chlorfflterddrin 
(Neohydrln) 


. 1 mCi^I.V. 
( 1 ml* Marcu^ 
hydrln I^Mi 
night before) 


I r/2 - 2. hotfrs 

. ' ^ -. ' . ^ • 




Mercury-SQ3 
Chlormarodr in 
(Neohydrin). 


■ 700 M^Qi: I.V. 
(1 mi . Mercu- 
/nydTln I,M, 
night, before) 


1-1/2 -2 hours 


3* Mediastinum 


Technetium-99m*' ■ 
Albumin ^ . 


10 mCi IvV, ■ 


Immadiataly 




T e chne t iuni-9 9m 
Par techne t ate 


^ 10' mCl i^v: 


Inmadiately 


# 


rodlne-131 : . 
Human Sariwi Albumin 


; 100 yCi.lVV,. 


45 minutes *- ' 


'4s Kidnap. 


■ ^' ■ ' 
Mercury-197 
Chlormerodrin 
.CNaohydrin) ; 


? 'l50 yCi l.V, 


45 minutes' 



Si 
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■ - ' •.. =' = 


RadT-ohuelide &' . 
Chemical Form 


Aativity " " . ^ 
Administered ' 


Time Interval ; 
Before Teating 


5 . • liivey 

^ .J 


Technetlum*99m 
: Sulfide Cplloid ; 

Iodiae-131 . . •• ' 
Rose Bengal 

' Gold -^198 

. Colloid " " : ■ V . ■ 


I'mCi; IVV. 
,i50 M- qCL Vv " r; 


inme4 lately ' . 
10-15 .minutes. 
10*15. minutes 


r "c = ' •=. •• ■ ... 

,f6* Lung 

^ . . ■ 


. "TeGlmatiim-?9m ' '■" ' 
Ma<yroaggreg&ted Alb , 

Ipdine-13i Serum Alb * 
Mierpaggregates 


■^3"mCi I.V, J 

' ■ - \ ... . V . / 

300 . uci I-V- 


liomadiateiy 
Immtdiat€^ 


7* Pa%crea,s 


Selenlum'-75 - ; ' , 
Selenomethionine * ; 


150-250^ yCiVx.V. 


ImmadiatpJLy ^ 


8. flaosnta - 


^ Iodlne-^13Li Sjerum Alb . 
Serum Hmnan Albumin ; . 

Chromiuiir--51 ^ = 
^#©d±tatt Chromata 

: Tsehnetliatt-99m* 
Albuminate^ 


5 yCl I.V. - . ■ 
10 ypi I.V, 
1 mCi /1>V* 


'- - ■ ' '■ ^ ■ . ' - . - i 
10 minutas ; , 

10 minutas 

Imedlatsly 


9. ' Spleen' 


TeQhnsttiai^99m ^ / 
Sulfids Cpliold^ 

Chromlum^l : 
Sodium Chromate 

Gold^l98 
V Colloid 


1 mCi I.V/ 
150-200 yCi I.V. 

lOO'liCi I.V. ; 


lipiidiataly 
4 and 24 hours 
10^15 minutea^ 



* » 
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/Radi;nnuclida a^' 
Chemicai Fotm ; 


Activity 

Administered 


Time..lrttei:var 
Before Testing 




■ " - ' .• '- ■ ■ ■ 

Iodine- 131 or 

lodihe-123 


. 100 >Ci*' orally. 


,24 hours 




ssaiffl 'lodida ■ ~- 




: - ,-ir. Thyroid 

" .Cancer. 

: V, ■ : - Work-Uft ^ 


lodlne-lil or 
Iodines 123 
Sodium Iodide : 


■ — ^ .... 

- 1-2 mCl orallyf 


h ^ : - ^' . _ 

24 houra ^ 


- ; ' ' - . (includes scans 

\ . c)£ niecfe'j'plxeat , 
- and bone> 




-■ ■ ■■ 


■ .= ■ ' • . . . - i- , ' - 

= • ■ - . : 

* 


- ... - . ■ ' •■ ' ■ ■■ 

; - • 


^' ■ ^ ■ = ^ . . . 
. ^ - .if ■ ' ' ■ 

h ^ . ^ 


_ \ . ■ ■ =^ 

* 


■ # 

^. ...... .; V : ' ■ 

* ^ .1 - = ^ ...... . 
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' 3 cuoy = 


Radionuclide"^ 
Chemical Jorm 


Activity . 
.^dmintsteted 


Time -Interval 
Before Testing 


.;• ■ ■ 

1,. Eve Turii'or 


Phosphorus* 32 
Sodium Phosphate . 


. . /' 

750 uCi I. V, 


48 hours 




Hemodynamic and B*lood Studies ^ 




1* Hamodynamics 
(CiTculatlon)^ 






- ■ * 

.1 


a. Blood Vol^ 
(Plasma 
Volum^ 


Iodine- 125 ^ ^: 
"Human SeruA Albumin 


20 MCi I, V. 


10 and 20 
minutes ' 




Iodine-131 :' ^ 
Human SaruW Albumin 




10 minutes '% 


b* ^Llver Blood 
Flow 


lodlneTlSl ' ^ 
Rose Bengal V 


= 150 M^Cl I.V, 


Bmnedtately 


, Kidnay 
Function 


Iodine '-IS 1 - _ ' , 
Hlppurah ■ 
Sodium lodohlppurate 


1 UCi/ 3, 5 kgm, 
body weight 


,Iimad lately 


2. Red Gall Studies 








^ a* Red Call 
' ■ Mass ; 


Chromium-51 
Sbdiiim Chroma te 


160 M'.Ci 1. V. 


20 and 30 

minutes . 


b. Red Can' 
Survival 


Chromluni-Sr 
Sodium Chroma t a 


160 CI 1, V* 


.Periodic 
counting up 
to one month* 


. / ; . In-Vlvo ^ 
Sequastra- 
./ tion . 


Chromt*n-51 
Sodium ChrOTate 


16Q fiCi l.V. 


Periodic 
counting up 
to one months 


*1, 3, 5, 7, 10, 14, 21 and 28 days. - -: \ ■ ^ ' ' ' 



■ 1 



] 



iotil Mean RidiatiQn, pose to Standard, Man From Administered Radioisotope^ 



Or jan or 

iodI 



'Perro- 
kinetics' 



Girculitofy 
system 



l^pe of study 

Uptake. 
'Scan. 



Iron ibsorp" 
tion 



Plasma iron 
transport J de- 
gree, and site 
of er\ 
sis 



er 
flow . 
Placental 
leca Ilia tion 



Radionuclide & 
Chemical, lorm' 


Route 


Iodine- 131 




Sodium iodide 




lQdlni-131 


oral 


Spdium iodide 




Tichnetluin-99m 




, ' y ■ ■ ■ 


oral 




■ • y.: 


Irbn-59 , 


oral i 


Ferric chloride 




Iron-59 

Ferrousi citrate 


,I,V, 


Iron-59 


r.v, 2 


Ferric; chloride 




GQld-198 'M-' 
Colloidal gold 




rodlne-131 




Serum albumin 





Whoh 
Bod 

0.4 
0.01 



Blood 



20 



ERIC 



Mean dop to standard min^ 
(mrad per uCi a^niinistered] 



Bone 
Marrow 



er 



40 



Splein 



15 



40 



1500 
1500: 



0.3 



1 ■ 



kSmU III (contiftuad) ; 



Circulatory Plaeentil 



■syitjffli 



Skin, vis- 
ible wcous 
menibmes, 
cavity lin 
Ihgi; eye 

Briin.1 



04 



erJc 



study 



locaiiEadoh 
'(continued) 

Pl'asM'Voiuiae^ 



ReQ ce 
ume k survival 

Scia . . ; 

Tunior; diag- 
nosis, 
izacion 



Scan, tumor 
local izacion 



MdionucUdg gf 
ilheiical fom ' 



■GhrMiiiffl^Sl 
ia||idRBC 
,Tichnitlui'99i 

^Sepsalbimla, 
Chroffllui-Sr 
SeFtiffi:^l!l^uilQ 
Chroii»51 



im-51 
Tagpd EBC, 
Ph0iphorui^32 
Diiodii 



Mircury-203 
Chloniarodriu 
Mereury49? 
Ghlorniirodrln 

Iodine- 13X_:^ 
Benin albumin 

Technetiuffl-99i 

Perteclinetite 



Route 



I.V. 

Mi 

LV. 



LV. 



LV. 



Wholi Blopd 
jody 



0.3 



0.02 



OJ 



0,3 



■2V ■ 
0.05 

20'-" 

2 , 



20 



Mian dose to i tandir| niin^^ 
' (mrad par jCl adniAnlgtiri 




80 

5 



30 



40 
30 



.oa: 



t 

N 



.ft 




Ufa fii 



mmU 111 (cdtitlnued) 



Uvir 



Kldky 



Absorption 
- : - Studi 



ERIC 



Sc'atij tumor 

rdcalizitidnV' 

structure 



Function' 



Sc4n- 



Furictiori 



Vitaniin B^^ 



Fat 



1 

JadionucUde & 






Rout 


t Whole 


jChsnical form 




'Body 


Iodine431 




0.4 ^ 


Kosa Baigal . . 






Gold-igT 


i.v; 


• 2 


■.Colleidal gold " 






TichnatiiDB-99ffl 




0.02 








Iodine431 


I.v,; 


'0.4 


Roii BiDgil 


A 




Mercury-203 


I.V. 


- 0.'4' 


t% 1 — ^^-^ — -- 1 J f 






t!ircury-19? ^ 
Ghlorpirodritt 


I.v; 


1 ■ 

0-11. 


Iodina431 ' ^ 






Ip^ran , 






Ce^alt-57- ' ' 
Vitamin B^^ 


oral 




Gflbalt-60 




2oo';|;f 


Vitaiin 




■ ■ ■ i 


Iodlne->131 


ml 




Triolein or , 






Oliic acid 

• 1 * ■ 




'1 

^ : ^VS 



Blood 



Hean-dose |o standard lan^v 
(irad peruCi administered) 



e 

torrow 



■'4 



0-02 



I^idney Liv^ 



80'' 

X 



0.3 



80 
ISOOO 



Spkah 



40- 
0.3 




Thyroid ' 



> 



N 
H 



;.,Silver,So Nucleonics 23, '(8),,10i (i?6S).' .' ' /■. V: , ./ , ; ' . ^ r-^ 
,vihefe |s no genera Vairaeinei^^ the biological |stuniption| tHatt^ the ,^as^^ of intetnal ' 
: dose coiiipu tat' ions and ther.e!o,re the published dose values 'vary slgriif leant ly. M mean : ' 
. -' radiaCion*doses' giyen in the are based on the followirig tefirences: : ; . ' 

/Osborn, ;S.% V and 'Ellis J 1,1, m Ihi' Science of loniElni Radiation ' (t: E. UUt, ed.j jv ; 
, Ghap, .29/ Charles C ThOMSj Sipffingfield,. 1963. Seltzer, RU., KireiakeSj'j/G,', MiclJfen|eK:v;:'£^^^^ 

iLrNiW Eng./Jk, mdv'271^ 



hi' 



"i?A"- '![V 





•Type of./i tudy 


• : ' -. ^ 'ij ' " , * 

Radionuoll^ii: 
'gRMll form " 


Roiiti : 


■. , ■ d: 
■ (mrad' 


per |iCi adininistered) 


Khole- 


Blood 


Bone 

Marrow 


Kidney 


Liver 


Spleert 


■Thyfold 


■'''^^J:\r • 




|tft,ntiuin-83 
'Strontiu|n chloric 


e , 




10 ^ 













1 f i 



H 

H ' 

H 



>4 



■ #;.. 



ERIC 



t. 



4 



iiXIMAIION OF ERYTHR0CYTE^4m PMSm YoLUM 
'^.^ ''/^:'W^OBD'Lm TO',BEtGHT AND ' BODY - WEIGHT %^ 



t S 



Pormulag^ for Men r 

ErYth^ooyt^^ volume (ml) ^ 
8.2 X halgh " ^ 



Plasma volume (ml) ' ' \ ' ^ .' '-1:. V*;7' 

23.7 X height (cms) + 9 X weight (kgm) 'ifog^ iVaVs ml (1 S.D ) 

FQrmuXait-¥or" Women - . ^ . r ^ /- ■ 

Erythroeytt voluiftr (ml) ^ . . ^ u ^ " ^ ^ ^ ^ 

- 16.4 X height (cms) + 5.7 )C weight (kgm) - 1649 ±^29 ml (i S\b.) ' 

Plasma volume (ml), i 4 . '. . " " * f;?. ;">.-,^ 

40.5 X height (cms) + 8..4 X weight (kgm) - 4811 i 195 ml (i i.li;?)^/';;^-/^^ 



lags 



t.- 



ERIC 



9 ^ 



218 



1 



Appendix IV 



Wiight 



Weight 
Kilogrami 



WEIGHT FACTORS . 
■ . Males 



9.0(wt 



Ef malts 



100 


lbs. 


45.5 kg. 


, 787 ml. 


409 ml. 


239 ml. 


382 m 


101 




45.9- 


794 


V 413 


, 262 


385 f 


.102 


.- , ■ ' . 


46.4 


803 


418 


264 . 




* 103 




46 .-8 


, 810 ^. 


' .421 


267 ' 




. 104 




47^3 


818 


426 




,■, 


105 , 
106 




47.7 

48.2 


A825 ' 
, .834 ... 


'.. 434 ^ 


2^2' > 




107 




48.6 


841 


437 


277^'' 


V- 408 


108 




49.1 


849 


442 


280 


• ' ,412 


109 




49.5 - 


856 


445 


282 


■ 416 


* 110 


^ ^ .. ^ 


50.0 ' • > 


865 


4m 


. 285 


' 420 


111 




50.3 


874 • . 


454, 


288 


424 


112 




: 50. 9 .. - 


. 880 i 


„" 458- ' 


• ' 290 


427 


113 




■ .51.4. 


889 • 


■ ■ 463 


• 293 ••■ 


432 


114 




51.8 . ' " ' 


■ ' 896 / 


466 


ft 295 


. 435 


. ,115 




"52.3 


' 905 , 


471 . 


298 


439 


. .116 




■ 52.7 


. ; '•912 '. V 


474 


300 


■ 443 


• 117 




p.2 • 


920 


; 478 


• 303 


447 






53.6 


927 


'482 , ' 


305 


450 


■ ■ m 




54.1 •. 


936 


48^ ' 


308 ' 


454 


120 




54.5 


943 


490 • 


. 311 


458., . 


• 121 




•■ . 55.0 , ; 


951 


495 "\ 


313 


462 


122 




55.5 ■ 


960 . ■ 


499 


316 , 


466 


L23 


0 


55.9 ' i 


967 


503 — 


319 


■ 469 - 


■ 124 




56.4 


■ 976 


508 


321 


,474 


. 125 " 




16.8 


. 933 , 


511 


324 


477 


. 126 




57.3 


9Sl 


. 516 


327 


481 


127 




' 57.7 • 


99B' 


519 


329 


485 > 


12 8i 




58.2 


100.7 ' 






•to? 


129 




48.6 


1014 - 


527 


334 


492 


.'130 




59.1 


1022 


. 532 . 


337 


496 . 


131 




59.5 


1029 


535 


339 


500 


' 132 




60.0 


1038 


• 540 


342 


504 


133 




60.5- 


1047 


544 


345 


508 


. 134 




60.9 


' 1053 


548 


347 • 


511 


135 




61.4 


1062 


553 


350 


516 . 


.. 136 




61.8 


1069 


556 ■ 


352 


519 ' 


' 13f 




62.3 


1078 


561 


355 . 


523 


' 138 




62.7 


1085 ' 


564 


357 


527 


UJ) 


r . 


63.2 


1093 . 


^2 


360 


531 


140 




63.6 


1100 




362 


534 


' 141 




64.1 


, 1109 


577 •■. 


365 


538 


142 




64.5 


^ 1116 


,580 


368> 


' ' 542 



'.3 



ERIC 



143 

144 I; 

145 ■ ' 

146 lbs. 

■ 147 
148 
149 

]M 

152 - 
153 

154 . 

155 

156 

157 ' 

158 

159 

160 

161 . 
162 

163 
.164 

m, 

166 

167 , 

168 

169 

170 

171 

172 , ' 
173 

174 • 

175 . 
176 

177. 

178 

179 

160 

181 

182 . 
183 



mmm factors 

- ■/„ Males 



Klloerami 17V3Wt.lN 



':: 65.0 • 

65.5 
■ 65.9 
, 66.4 kg. 

66 • 8 

67.3 

67.7 

68.2 

68.6 

69.1 

69.5 

70.0 

70.5 

7D.9 

71.4 . 

71.8 , 
■ 72.3 ., 

72..?-. . 
' 73.2 

73.6 - 

74.1 

74.5 
75.0 • 

75.5 
75.9 
76.4 
>6.8 
77.3 
77.7 
78.2 
t78.6 
79.1 
79.5 
80.0 

80.5 , 
,80.9 

81.4 
81.8 * 
82.3 
' 82.7 
83.2 

83. 6 . 
84.1 



1124 

1133 

1140 

1149 ml. 

1156 

1164 

1171 

1180 

1187 

1195 . 

1202 

1211 
= 1220 

1226 

1235 
. 1242 

1251 ■ 

1258 

1266 
,1273' 

1282 

1289 

1297 

1306 . 
1313 
1322 
132^ 
1337 
- 1344 
1353 
1360 
1368 
1375 
1384 
1393 
1399 
1408 ■ 
1415 
1424 
1431 
1439 .„; 
1446 
1455 • 



V 




V 



585 


• 370 • 


546 


589 , . 


373 


sso 


593 


376 


553 


598 ml. 


378 ml. 


558 ml 


601 


381 


561 


www 


384 


565 










Joy 


^ / J 






^7A 






^AO 


625 


3Q6 








JQQ 


w 




^Q9 


638 

w 


404 


DwD 




407 


600 




A no 


puj 


6^1 

w J ^ 




607 

WW/ 


6S4 




61 1 


659 


417 


61 ^ ^ 

DAD 








667 

Ww / 


LOO 




670 


4^S ^ 


' 656^ 


67^ 


49 7 f ' 


630 


67Q 


430 - 


634 






637 


6g^ 
gap 


43^ 






438 


'64^ 


696 


441 


649 


699 • 


443 


,653 


704 


446 


657- 


707 


448 


660 


712 


. 451 


664 


715 


453 


668' 


720 
724' 


,456 

459 * 


672 


676 


728 


461 


679 


733 


464 


684 




466 


687 


741 


469 i 


691 


744 


' 471 


695 


749 


474 


699 


752 . 


47| 


. 702 


757 


. 479 ^ 


706 



22.0 



WEIGHT FACTORS 



.Females 



. RBC-. 
17. 3(Wt:. )\ 



186 , 


%4.5 - ■ • , 


^1442 


187 


85 .■O5. ' , . 


1470 


188 


i'' ■ 85.5 


1479" 


189 


. 85.9 


■ 1486 


190 


86.4 


1495 


191 lbs. 


86.8 kg. . 


. 1501 ml 


192 


■■ 87.3 


1510 


193 


•S7.7 . 


1517 


194 


■ ^ 88,2 


1526 


195 


88.6 ' , 


1533 


196 


89.1 


1541 ^* 


197 


. . 89.5 


. 1548 


198 


90.0 


1557 


199 


90.5 


1566' 


200 


90.9 


1572 



. . ■ R \ ■ 




V 


9.0(Wt.) ,■ 


5 . 7 ( Wt; . ) • 




,760, 


/■ so 


710 


763' 




* 714 


769 


' 487 


718 


773 




721 


778 . 


492 


726 


781 ml. 


495 ml. . 


729 ml. 


785 


498 


733 


789 . 


■ 500 


737 • 


794 


503 


741 . 


797 


. 505 - 




'802 


508 


748 


805 . 


510- 


75?. 


810 


513 


756 '* • 


814 


516 , 


760 


818 


518 - 


763 



ERIC 



Height 



5 - 



-5 - 



0 " 

k " 

1 " 

2 " 
2%" 

- 3 " 

- 3V' 

- A " 

-. W' . 

- 5 " 

- 5V' 

-.6 " 

- 6V 

7 ,;' 

- 7V 

- 8 " 

- 8V' 

- 9 

* -9%" 

- 10'«' 

-•ia%" 

- u 

- 11%" 

- 0 " 

- % ;; 

- "li 

- 2 

- 2%" 
V. 3 .. 

- 3%" 

^ 4 " 

- 4%" 

- 5 " 

- 6;" . 



Centimeter 



152 
154 

• 155 

156 
157 
159 
160 
161 
163 
164 
165 

. 166 
168 
169 
1'70' 
171 
173 
174 
175 
177 
178 
179, 

-180 
182 
183 
184 
185 

, 187 ' 

'188 
189 
191 

492 

193 
194 

'196 

.197 

1S8 



IE IGHT FACTORS 
1246.^1. . 

/ 1263^'; 

1271 
1279 

1287 
■ ' ^1304 

1313 

1320 

1337 
» 1345 

1352 • 

1361 

1378 

1386 

1394 
■14-02, 

1419 

1427 
. 1435 

L451 

1460 

1468 " . 

U76 " ' 

1492 

1501 

1509 

M.17 
33 
1542 
1550 , 
. 1566 
1574 . ■ • 
. 1583 

1591 " . 
1607 

ieis'^ :'- 

1624 



females: 



<23.7)^. 



36Q2 
'3650 
3673 
3697 
3721 
■:3768 
3792 
3816 
3863 
3887 
3910 >. 
3934 
3982 
4005 
4029 - 
4053 
4100 
4124 
4147 
4195 
. 4219 
4243 
4265 "> 
4293 
4337 
4361 
4384 
4432 
4456' 
4479 
4527 
4550 ' 
^574 
4598 
4646 • 
4669 
4693 



1. 



(ll?4)Ht . 



2493 ml.;' 
2526 
2542 . 
2558 
2575 ; 
2608 , . 
2624 
2640 
2673 
2690 
2706 . 
2722 
2755 
2772 
2788 
2804 
2837 ■ 
2854 
2870 
2903 
2919 
2936 
2052 
2985 
3001 
3018 
3034 
3067 
3083 
3100 
3132 
3149 
3165 
3202 
3214 
3231 
3247 



(^■5)Ht. 



6156 ml. 

6237 
, 6277 

6318 

6358 

6439- 

6480 

6520 
. 6601 ' 

6642 
,6682^ 

6723 -f 

6804 

6844 

6885 

6925 

7,006 , 

704,7 

7087 

7168 

7209 

7249 

7290 

7371 
'7411 

7452 . » 
"7492 

7573 

7614 

7654 

7776V 
7816 . 
7857 
7938 
■7978" 
8019 



the ABSTRACT 'CARDS below are designed to facilitate document' retrieval up^g . 
Coor dina t a Indexing , Th&y provide space for an accession dumber <to. he, filled 
in by the user), suggested keywords, bibliographic informal ion, and in/abstract - 



iThe Coordinate Index 

^ — - --- ■ — — 

concept of reference 
material filing is 
readily adaptable to 
a : variety of filing 
systems* Coordinate 
Indexing , is described 
^*in .the publication 
"IBM Data Processing 
Techniques ..^ Index 
OrganiEafiion for 'In- 
fprmation Retrieval" 
(C/2Q-8062) / Copies 
are available through 
IBM Branqh Of flees 

The cards are 
furnished in triplicate 
to allow for fleKlbility 
"in t'helr use (for 
example, author card 
index, accession number 
card index) , . 



l;. fif)Vl KNNfrN T PRIN USr, Oi l If 



EKLC 



Accession No, 



p. h; SIMONSi 

I A training manual for puclear 
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